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Abstract
Traffic derived air pollution, especially nitrogen dioxide (NO2), is the target of 
much monitoring and regulation in the UK due to its potential health risks. A 
large proportion of the monitoring is carried out using passive diffusion sampling 
equipment, with each UK local authority required to deploy at least four of these 
devices as part of a national survey. Data collected from this monitoring network 
from across the county of Surrey, comprising 148 sites, was analysed for trends 
and patterns, both temporal and spatial. The potential to extract useful spatial 
information from this data was found to be heavily affected by the uneven 
distribution of the sites across the area.
This study examines the potential for improving the distribution of monitoring with 
the aim of extracting spatial information about air pollution, and for generating 
interpolated maps of the pollution within an area. This was undertaken using a 
series of techniques and tools employed within a Geographical Information 
System (GIS) environment. Different types of monitoring schemes were tested 
as to their suitability for reproducing spatially useful data. Hypothetical scenarios 
were examined to determine the optimum distribution of sampling for 
interrogating spatial patterns. The optimal sampling strategies were found to 
relate directly, in scale, to the extent of the pollution elements searched for. A 
strategy of monitoring was devised to distinguish background variations in 
pollution within the current monitoring framework: a correlation of R^> 0 .8  was 
attained for rural areas, using a 4Km regular grid across the region 
(approximately 30 sites for a borough area) The successful monitoring of urban 
patterns required greater numbers of monitoring devices to be deployed than are 
currently being used. It was found that a 2Km regular grid (approximately 108 
sites) was necessary in order to produce R^> 0 .8  for all the scenarios tested. 
Techniques for optimising the distribution of gridded sampling across any area 
were developed from the study.
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Chapter 1 - Introduction
Introduction
In this chapter a brief overview of the history of anthropogenic air pollution is 
presented. This highlights the evolution of the nature of the pollutants and their 
sources overtime, and the changes in how the problem has been dealt with. The 
nature of current monitoring schemes in the UK are described as a context for 
the overview of this study. The aims and objectives of this study are set out, 
along with the methodologies to be used to address them. A breakdown of the 
thesis by chapter is then presented.
1.1 The problem of Air Pollution
The Earth’s atmosphere exists in a state of approximate chemical and physical 
balance. Any process that causes this balance to be disturbed could be 
considered to be pollution. Many natural events occur that cause such 
disruptions; such as volcanic eruptions and solar fluctuations. However, these 
disruptions are generally not regarded as pollution due to their natural origins. 
Air Pollution’, in the sense most associated with the phrase specifically refers to 
anthropogenic contamination of the atmosphere by potentially harmful emissions. 
Man’s activities have always resulted in contamination of the air around him, from 
the cooking fires of early man to the plethora of sources available to 2 0 ^ century 
man. Any input of material to the atmosphere due to man’s activities causes 
contamination, but only when this input causes a deleterious effect does it
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become pollution. Due to man’s increasing ability to impact on his environment it 
has been recognised that is now essential to monitor the emissions of pollutants 
into the atmosphere, and where necessary to make efforts to curb these 
emissions.
The scale of the problems caused by the various pollutants released into the 
atmosphere varies across wide temporal and spatial ranges, and is dependant 
upon what exactly is affected. The scale of the monitoring and response to the 
problems is also dependant upon these factors. Pollution that contributes to 
global climatic change, such as the ubiquitous causes of global warming notably 
carbon dioxide and methane, has the greatest impact across the largest areas 
and longest time scales. These global problems require global responses, with 
world governments working together to address the actions to be taken: with 
accords such as the Kyoto protocol. (As of September 2005 156 states have 
ratified this protocol (http://unfccc.int/, 2005)).
Most air pollution issues are controlled and monitored over smaller areas, 
typically at a national government level, or by agreement between a group of 
countries such as the European Union. The EU and its constituent countries 
have been at the forefront of pollution monitoring and control issues since air 
pollution was first realised to be a problem. Britain especially has played a major 
role in the introduction and instigation of control measures since long before the 
formation of such bodies as the EU; largely due to its early industrialisation 
resulting in very visual pollution appearing in its large cities in the 19* and 2 0 *  
century. Legislative attempts to clean the air in British cities began as early as 
1848 with the introduction of the Public Health Act designed to tackle the impacts 
of pollution from steam engines (Jacobson, 1999). During that time the 
dependence of most industrial and domestic fuel needs on coal resulted in very 
smoky atmospheres in the cities, with the appearance of smog when coupled 
with foggy conditions. Until perhaps the last thirty years, this coal based 
pollution, typified by high sulphur dioxide (SO2) concentrations, was the 
predominant pollution type in industrialised countries. The move away from coal 
as a primary fuel source, coupled with legislation such as the UK Clean Air Act of
Spatial Aspects of Regional Air Pollution Monitoring Page 2
Chapter 1 - Introduction
1956, has seen a major change in pollution characteristics of contemporary 
urban atmospheres (Brimblecombe, 1996).
The move away from coal as a primary fuel source, coupled with the introduction 
of modern fuel sources such as natural gas for industrial and domestic heating 
purposes and petrol for vehicular transport have produced a shift in the type of 
chemistry driving pollution, especially in urban air. The infamous London smogs 
of the 1950s were driven by reductive processes, whereas today’s pollution tends 
to be driven by oxidative processes (Wayne, 1991). The major gaseous 
pollutants found in today’s urban air are typically oxides of nitrogen (nitric oxide, 
NO; nitrogen dioxide, NO2) and carbon monoxide (Brimblecombe, 1996). There 
are also highly visible amounts of particulate species generated mainly from 
traffic sources. There are still incidents of smog in many cities around the world 
(famously Los Angeles shown in Figure 1.1, Athens and Mexico City), but this is 
a photochemical, oxidative type caused by complex inter-reactions of chemistry 
and meteorology (Bridgman, 1990).
Figure 1.1 Photochemical smog over Los Angeles (US EPA Image)
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The locations of the sources of air pollution have also changed over the years. In 
the 19* and early 20* centuries, the major pollution sources were the smoke 
stacks of factories and other businesses. These tended to be located centrally in 
the cities due to financial and logistical factors. Modern heavy industrial sites are 
mostly located well away from town centres; due to changed economic 
advantages, and in part through concerns about population exposure to pollution. 
This move has resulted in the major source of air pollution in early 21®* century 
cities being vehicular exhausts (Colvile et al., 2001). The types of pollutants 
emitted are wide ranging, but most result from the combustion or partial 
combustion of the hydrocarbon species present in the fuel mix. The emissions of 
carbon monoxide (CO) and carbon dioxide (CO2) are a result of the complete 
oxidation of a hydrocarbon, with only the carbon atoms remaining in the 
chemical. Other chemical types such as aldehydes and radical species such as 
the hydroxyl radical (OH) and hydroperoxyl radical (HO2) also result from the 
combustion process and from the ongoing chain reactions involving the organic 
species from the fuel (Brimblecombe, 1996). Some of the materials that form the 
pollutants are derived from the air used in the combustion. As it is a mixture of 
gases, it is far more than just the atmospheric oxygen (O2) that reacts in the 
engine. A proportion of the nitrogen from which such pollutants as NO and NO2 
are formed comes from the nitrogen gas (N2) that constitutes the majority species 
in the Earth’s atmosphere. This normally inert gas is made reactive by the very 
high temperatures and pressures experienced in the internal combustion engine. 
There is also a small component of pollution derived from the evaporation of 
volatile compounds such as benzene which are important due to their role in the 
photochemical production of ozone (Heinsohn & Kabel, 1999). In the UK these 
evaporative emissions contributed 35 kilo tonnes of Non-Methane Volatile 
Organic Compounds (NMVOC) to the atmosphere in 2003, representing around 
3% of total NMVOC emissions (Dore et el, 2005).
1.2 Pollution monitoring
Once these species are emitted into the atmosphere, they undergo a complex 
series of reactions, some of which are detailed in Chapter 2  of this work. Of the 
myriad chemical species present in urban air, it is the ones that pose a threat on
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some level to human health that are of primary concern to legislators. To that 
end all local and unitary authorities in the United Kingdom have been required to 
monitor air pollution since 1993, as part of a national survey (Bush et ai, 1999). 
This was intended as the basis for a series of review and assessment exercises 
designed to reduce air pollution. The authorities were expected to monitor a 
variety of pollutants using various methods, and over several time scales, 
depending on the specific pollutant. The species of concern, those that posed 
the greatest threat to human health, included the major oxides of nitrogen (nitric 
oxide and nitrogen dioxide), carbon (carbon monoxide and carbon dioxide), 
sulphur (sulphur dioxide) and a variety of other volatile compounds such as 
benzene and 1,3-butadiene (Bower et ai, 2004). The health effects of the 
different pollutants vary dependent upon the pollutant, but the focus of concern 
and of legislation is generally on those pollutants that cause or exacerbate 
chronic respiratory problems, such as NO2 (Buick et ai, 1999).
A wide variety of techniques are used to measure the different pollutants; there 
are even different techniques used for individual pollutants depending upon 
differing requirements. Many local authorities have invested in units capable of 
measuring several pollutants with high accuracy and with high temporal 
resolution. These units typically use chemiluminescent or spectrographic 
techniques for the measurements, coupled with computerised logging set ups to 
enable the various species under consideration to be sampled at short intervals: 
typically in the region of every fifteen minutes enabling the shortest term target 
mean, that for sulphur dioxide (Air Quality (England) Regulations 2000), to be 
assessed. These units however have the drawback of being very expensive, 
costing tens of thousands of pounds for each unit. This financial limitation results 
in relatively few of these units being deployed. So whilst a very high temporal 
resolution is attained, the spatial coverage is very sparse.
Several of the pollutants, notably nitrogen dioxide (NO2), are also measured by 
way of diffusive monitoring techniques. This technique involves the exposure of 
a passive device containing a membrane coated with a compound designed to 
react with the species to be measured (Atkins & Lee, 1995). These devices are 
typically exposed to the atmosphere for periods of a month; and the mean
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concentration of the target species in the atmosphere can be calculated by the 
amount of chemical change undergone by the chemical coating in that time. 
These passive diffusion samplers have many advantages that have resulted in 
their widespread use. They are relatively low cost, especially when compared to 
the more complex monitoring units, thus several can be deployed across an area. 
They are also very low maintenance requiring attention only when a new unit is 
required each month. An example of diffusive measuring tubes is shown in figure
1.2 illustrating their small size (approximately 70mm long by 10mm internal 
diameter (Atkins &Lee, 1995), and their lack of complexity. These factors lead to 
a national diffusion-based NO2 monitoring network being set up in the UK, with 
each local authority being required to maintain four of these units (Bush et al., 
1999).
Figure 1.2 Diffusion tubes for measurement of NO2 concentrations
Many UK local authorities also have many diffusion tubes that are not contained 
within the national survey. This widespread monitoring of NO2 via the diffusive 
monitoring units has resulted in a large dataset of monthly NO2 mean values 
being collected. The widespread distribution of these units means that this 
dataset has a strong spatial component. This enables the data to be
incorporated and analysed within Geographical Information Systems (GIS). 
These spatial reference and analysis tools, coupled with other statistical tools
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enable a large amount of information to be extracted from this NO2 dataset. The 
spatial element of the data collected through the NO2 diffusion network presents 
a unique opportunity for presenting air pollution measurements graphically in the 
form of maps. This could present a tool for rapid dissemination of public 
information, in a format that is easily interpreted by non-scientists.
The current deployment of diffusion tubes for measurement of atmospheric NO2 
concentrations suffers from the high levels of uncertainty associated with 
individual measurements from these tubes. Two of the main areas of 
introduction of uncertainty into diffusion tube studies are the variations in 
exposure period and the laboratories performing the analyses (AQEG, 2004). In 
Surrey the tubes are all exposed for one month intervals, and the majority are 
maintained and analysed by one laboratory (Sargent, 2005 and Shiner & 
Lenham, 2005). Consequently, the majority of the uncertainty in the diffusion 
tube measurements used in this study is due to uncertainty inherent in the 
measurement technique itself, with a small element being due to variations in 
exposure at different locations (AQEG, 2004). A conservative estimate for the 
uncertainties involved suggests ±24% for an individual measurement (Bush et al., 
2001). Research is underway into ways in which the monitoring technology can 
be improved, with modified diffusive samplers attaining uncertainty levels of just 
±5% in laboratory testing (Gerboles et a!., 2005). The improved performance of 
these developmental devices will lead to much improved results being available 
from future field studies; however, these could still be limited in application by the 
deployment patterns in the field. It is therefore necessary to ascertain what the 
best scenario for deployment of the diffusive samplers will be to make optimum 
use of the collected data.
1.3 Research aims and methodologies
The principal aims of this research were to assess the ability of data collected 
from a monitoring study with a strong spatial constituent to be used to generate 
area-wide maps of pollution.
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These aims were achieved through the following objectives:
1. An assessment was made of data collected from a current field study; with 
emphasis on potential utilisation in mapping exercise
2. Improvements to the quantity of data coverage to assess benefits to map 
generation
3. Development of computational tools to enable new monitoring schemes then 
assessed in a GIS-based environment
4. An assessment of the potential redistribution of monitoring points for optimal 
performance in interpolated mapping.
Objective 1 : An assessment of data collected from a current field study; with 
emphasis on potential utilisation in mapping exercise.
Methodology: Data collected from 148 sites throughout the county of Surrey, of 
which 44 are part of the national survey (there are eleven constituent borough 
councils within the county, each with the requisite four tubes), were collated and 
assessed for temporal and spatial patterns and trends. The data were initially 
interrogated for temporal patterns to ascertain the strength of the data to discern 
patterns and trends. This was addressed within the constraints imposed by the 
uncertainties associated with the measurements. The data were then integrated 
into a Geographical Information System (GIS) to enable a spatial assessment of 
the data to be undertaken. The spatial study was based around interpolative 
mapping techniques, as a potentially fast and repeatable method for producing 
maps of pollution across the area.
Objective 2: Improving the quantity of data coverage to assess improvement to 
map generation.
Methodology: Within the dataset utilised for the initial study there are three 
subsets of data, defined by their relative distance from a main road. These 
reduce the number of available points for a mapping exercise, as the points from 
different categories are not subjected to the same influences, and are thus 
limiting for interpolated spatial mapping. To investigate the potential
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improvements possible to the mapping (were all the points to be moved to 
comparable locations) a scheme of data projection was developed and tested. 
The data were subjected to mathematical transformations, based on weightings 
derived from modelled and measured results, designed to produce simulated 
data with comparable values; that is all points were projected to one category. 
These data were then be subjected to the same analytical process as the initial 
data; and the potential improvements and advantages to the mapping process 
assessed.
Objective 3: Development of computational tools to enable new monitoring 
schemes to be assessed in a GIS-based environment.
Methodology: To continue the study into potential improvements in data
collection strategies for the process of producing interpolated maps, a series of 
computational tools were required. These enabled investigations into monitoring 
site deployment to be carried out within a virtual environment; constrained in the 
most part within a GIS. Tools and techniques were developed to enhance the 
GIS's functionality, enabling the specific points in question to be addressed 
directly. These tools, and the use of a virtual environment for the study were 
required to overcome the time-imposed constrains of a field study.
Objective 4: An assessment of potential redistribution of monitoring points for 
optimal performance in interpolated mapping.
Methodology: The computational tools were then utilised to produce and
assess many potential monitoring scenarios, i.e. possible distributions of 
monitoring sites. These included grids of different sizes and arrangement, and 
schemes based on prescribed criteria for different elements (e.g. different 
patterns for urban and rural areas) -  intelligent grids. These scenarios were then 
utilised to sample test pollution fields generated in the GIS using another of the 
tools. The extracted data were then used to produce interpolated maps of the 
pollution, and the results compared back to the base pollution fields. Through 
this method and optimum type and scale of monitoring point alignment was 
generated. The data collected also enabled a best case scenario to be
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developed for a monitoring scheme for field deployment; with the practical and 
economic constraints of such a deployment factored in.
The process described above enabled an objective assessment of the optimum 
deployment pattern for diffusion samplers in the field; especially for the provision 
of useable spatial data that can be presented in a graphical format.
1.4 Thesis outline
This work has been presented as seven chapters detailing the progression of the 
study. The logical progression of the work from chapter to chapter is represented 
in Flowchart 1 .1 . The linking lines in the diagram represent a continuation of a 
concept. The terminal boxes showing chapter 3 and part of 4 represent concepts 
that stand separate from the main flow of the work yet are complimentary to it.
Chapter 2: Literature Review. This chapter provides a background to the study 
area, both as an overview of the field of air pollution, and as a background into 
the specific areas studied. The details of several studies that have utilised the 
data collected from the national NO2 diffusion monitoring
Chapter 3: Analysis of a 10 Year Surrey Dataset. Data collected from 148 
NO2 diffusion-tube monitoring sites from the UK county of Surrey between 1993 
and 2003 was analysed for trends and patterns. This chapter focuses on the 
temporal trends; such as the long term variations and the seasonal patterns.
Chapter 4: Spatial Patterns and Projected Data. The data analysis from the 
previous chapter is continued to interpret spatial patterns in the data. This 
analysis takes advantage of the widespread distribution of the monitoring points, 
enabling their representation within a GIS. This chapter also presents results 
from ‘projected’ points; whereby comparable datasets with greater numbers of 
points are assessed compared to the original datasets.
Chapter 5: Techniques and Tools. The spatial analyses introduced in the 
previous chapter rely on interpolation based mapping tools. These interpolative
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schemes function optimally with uniform data coverage, which is not provided by 
the Surrey dataset. To enable an investigation to be carried out to assess the 
potential for redeployment of monitoring points to a more uniform distribution, a 
series of computational tools had to be developed. This chapter outlines the 
development of the various tools utilised; and the rational for each one.
Chapter 6 : Grid Comparison Experiments. The computational tools described 
in the previous chapter are applied within a GIS environment to assess the 
optimum deployment of monitoring sites for interpolated mapping purposes. The 
levels of performance of various scenarios are assessed, including some that 
could be readily deployed in a field study. The results from these scenarios are 
then discussed in comparison to a field study; and the implications of the 
variations imposed by real world constraints are discussed.
Chapter 7: Conclusions. The study is concluded with a presentation of an 
optimal deployment strategy for diffusion-tube based pollution monitoring across 
a county area. The potential for useful information to be extracted from such a 
study is discussed, along with the uses for such information to the parties 
involved in the data collection.
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Flowchart 1.1 Progression of research project
Improved distribution of 
sampling points
- Chapters 5 & 6
Projections to investigate 
improved data numbers 
- Chapter 4
Initial analysis of dataset from NO2 
diffusion tube survey in Surrey
Temporal patterns
•  Seasonal
• Long-term
- Chapter 3
Spatial patterns
Long-term mean
Individual boroughs 
- Chapter 4
Conclusions of project -  ideal sampling for 
interpolated mapping and real world applicability
- Chapter 7
Interpolated mapping in GIS performs optimally with high numbers of 
comparable data with even spatial coverage
Development of computational tools and techniques
• Sampling scheme creation tool
• GIS point sampling tool
•  Comparative sampling techniques
- Chapter 5
Scenario development and sampling scheme testing 
•  Grid scale comparisons
Real world application of gridded sampling 
•  Distortion of grids
- Chapter 6
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Literature Review
In this chapter topics significant to this research are presented. Firstly an overview 
of the concerns caused by air pollution is presented, with emphasis on the 
pollutants selected for this study. Secondly an overview of the chemistry of the 
main pollutant discussed in this study, nitrogen dioxide (NO2), is presented. This is 
followed by an overview of the methods utilised to measure this pollutant, and 
some of the issues arising from these methods. The modelling of pollutants is also 
discussed as a widely used tool for air pollution studies. These factors are then 
discussed in relation to the current legislation in place to assess the air pollution in 
the UK.
2.1 The effects of air pollution
The largest proportion of today’s anthropogenic air pollution, in all of its various 
forms, derives from combustion processes (Brimblecombe, 1996). Traffic sources 
are especially important, indeed according to the World Health Organisation 
(WHO) within EU countries before May 2004 road transport was the most 
important source of nitrogen oxides, carbon monoxide, benzene, black smoke and 
ultrafine particulate matter (PM with a diameter of less than 1.0pm) (Krzyzanowski,
2005). This is the major route of formation for many of the oxides of carbon 
(carbon monoxide (CO) and carbon dioxide (CO2)), sulphur (sulphur dioxide (SO2) 
and sulphur trioxide (SO3)) and nitrogen (nitric oxide (NO) and nitrogen dioxide
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(NO2)). The release of these compounds into the atmosphere has produced some 
major changes in the overall concentrations with potentially harmful effects. The 
most widely publicised of these is the increase in concentrations of CO2, from 
280ppb in pre-industrial times, to 358ppb in 1994 (Houghton et al., 1996). This, 
and other greenhouse gasses such as methane, have been the subject of much 
debate; greatly increasing the profile of atmospheric pollution in the public’s 
consciousness.
The production of carbon monoxide, and of the oxides of nitrogen (generally 
referred to collectively as NOx), are of concern not because of their potential to 
cause global changes, but because of their very direct potential to cause harm to 
human health. Carbon monoxide poses a threat to human health by causing a 
reduction in the oxygen carrying capacity of the blood; however the introduction of 
catalytic converters has meant that CO levels are now generally below the level 
considered dangerous to human health (Colville et a/., 2 0 0 1 ). Sulphur dioxide 
(SO2) was for a long time the most prevalent pollutant in urban atmospheres, and 
in combination with particulate materials caused much of the pulmonary problems 
brought on by the classical London smogs of the 1950s. However, the move away 
from coal as a primary source of domestic fuel, coupled with the migration of heavy 
industries away from city centres, has seen a major change in the general 
composition of urban atmospheric chemistry (Brimblecombe, 1996). A pollutant 
currently of great concern, with regards to the potential threat to human health, is 
nitrogen dioxide (NO2). The potential effects of NO2 on human health are many 
and varied, and are summarised in Table 2 .1 . NO2 inhalation at very high 
concentrations can be fatal; though the concentrations required for this level of 
toxicity are only found in very few isolated cases (Buick et a/., 1999). The toxicity 
of NO2 at lower concentrations, such as those found in polluted urban air, is 
attributable to its capacity to act as an oxidant and its potential to form free 
radicals. Thus the major pathway for damage to human health is via the 
respiratory system, principally through peroxidative damage to the lungs (Buick et 
a!., 1999).
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Effect of daily rise in NO2
Increase in total mortality
Cardiovascular deaths
Infant mortality
Intrauterine deaths
Asthma emergency hospital admissions
Chronic obstructive pulmonary disease hospital admissions
Cardiovascular disease hospital admissions, especially heart attacks and angina
Hospital visits for asthma
Croup in pre-school children
Increase in all emergency hospital admissions especially for the elderly
Table 2.1 Summary of associations between NO2 and human health (after 
Colville etal., 2001)
The health risks from long-term exposure to NO2 seem to be higher for children: 
with both decreased lung function and increased respiratory symptoms occurring, 
especially with exposure to levels in the range 50-75pgm'^ (WHO, 2000). 
However, health effects have been recorded in population studies even when the 
average annual NO2 concentrations have complied with the 40pgm'^ guideline 
(WHO, 2005). Data from monitoring stations in major urban areas near traffic 
routes within the EU suggest that concentrations of NO2 at this type of site are 
above the 40pgm'^ target, indicating that NO2 levels are still of concern (EEA,
2006).
2.2 A chemistry of tropospheric nitrogen dioxide
The pollutant chosen for the purposes of this study is nitrogen dioxide (NO2). A 
small proportion of NO2 is emitted directly in vehicle exhaust, especially diesel 
exhaust: but this only accounts for approximately 5% of the NOx released from 
combustion (AQEG, 2004). In general NO2 is a secondary pollutant formed by the 
oxidation of emitted nitric oxide (NO), primarily by Ozone (O3) which is in itself 
partly a traffic-derived pollutant in urban air:
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O3 + NO —^ O2  + NO2  
Equation 2.1
The ozone present in the troposphere is primarily generated through a complex 
series of photochemical reactions; though a small proportion is imported in periodic 
winter intrusions from the stratosphere where the ozone is formed through the 
reaction of highly energetic oxygen atoms (0(^D)) created by the photolysis of 
oxygen by ultraviolet radiation. The tropospheric ozone exists in a photostationary 
equilibrium with NO2 as described below in Equations 2.2 and 2.3. This 
equilibrium can be disturbed by the presence of other reactive species such as 
CO, CH4 and other VOCs from both natural and anthropogenic sources, especially 
traffic emissions. These are involved in reactions, some of which are described 
below (Equations 2.5 to 2.10); resulting in increased NO2 concentrations which 
combined with sunlight and VOCs lead to ozone production (EPAQS, 1994). 
Ozone concentrations are less directly tied to the emissions involved in the 
reactions that create it; due in part to the rate of ozone creation being relatively 
slow; and in part that the removal processes, especially the reactions with road 
transport emissions, are relatively fast. This results in the highest ambient ozone 
concentrations being found in rural areas; in the UK the highest concentrations are 
found in the rural south and east; and conversely the lowest levels found around 
London due to the effect of high road traffic levels (Bower et a!., 2005).
The NO is formed within combustion engines of both the spark ignition (petrol) and 
compression ignition (diesel) types. Thermal-NO is formed by the high 
temperature oxidation of N2 in the combustion air, and accounts for approximately 
85% of the NOx in the exhaust. Further mechanisms for exhaust NO formation 
include prompt-NO -  generated from the reactions of N2 and hydrocarbon free 
radicals -  and fuel-NO -  generated from the free radical reactions of nitrogen 
bearing compounds in the fuel (Heinsohn & Kabel, 1999). The amount of NO 
formed by the prompt-NO reaction is small compared to thermal-NO unless the 
reaction conditions are fuel rich where higher concentrations of hydrocarbon 
radical species are present (AQEG, 2004).
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The NO2 can then be photolysed back to nitric oxide, and the triplet oxygen atom 
produced can combine with molecular oxygen to form ozone:
+ /n;(<430»/»)-^ ) + M )
Equations 2.2 & 2.3
Where hv represents a photon of light with frequency v (s'^ ) and h is Planck’s 
constant (Js).
During daytime, these three reactions together form a pseudo-equilibrium, where 
each pollutant’s concentration is governed by the presence of the others. This can 
be represented as an equilibrium between the rates of production and loss of NO2:
Equation 2.4
where k is the second-order rate constant for the production of NO2 and J 
represents the first-order photodissociation constant for NO2. This photostationary 
state relationship is used as the basis for many chemical schemes when 
describing the behaviour of NO2 in air. However this is an over simplification of the 
processes involved.
NO can also be oxidised by other pollutant species such as aldehydes and 
hydroperoxyl radicals (some VOCs), formed during the oxidation of hydrocarbons. 
The hydroxyl (OH) radical plays a major part in the chemistry of the lower 
atmosphere, and is the main species involved in initialising the radical chain 
reactions here. For example, the oxidation of methane proceeds as follows:
OH + CH, -^H^O  + CH^ 
Equation 2.5
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Then:
Œ g O  + 0 2 ^  4- #C>2
/fO z+T#? -»7W?2+C%f
Equations 2.6 to 2.9 
which can be summed to:
+ 2 O2 + 2W0 + 2 WD2
Equation 2.10
(After Brimblecombe, 1996 and Wayne, 1991).
Hence, two molecules of NO2 are produced without ozone being used up as an 
oxidant, even in a simple reaction scheme such as that of methane. Thus, the 
pseudo-equilibrium described above, is disturbed, and the levels of both NO2 and 
O3 can increase. This role of the reactions of hydrocarbon species in the 
production of NO2 may be especially important in producing the very high levels of 
NO2 sometimes observed, especially in wintertime smogs. Production of NO2 from 
the NO + O3 reaction alone is not fast enough to explain these events, and 
laboratory measurements seem to suggest that the rate of production of NO2 is at 
its highest in exhaust from idling petrol engines (Harrison & Shi, 1996). These 
conditions are also where the highest levels of hydrocarbon species are to be 
found. This is especially important as it is these high pollution events, which have 
the most potential to cause acute respiratory problems (Dept. Health, 1993). NO2 
is also involved directly in the reactions that produce peroxyacetyl nitrate 
(CH3COO2NO2 or PAN), which is a major eye irritant present in photochemical 
smog. (The smog referred to here is the now more common, ‘LA type’, oxidising 
smog, as opposed to the ‘London type’, or reducing, smogs of the early twentieth
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century). Wintertime high-N0 2  episodes have also been ascribed to the oxidation 
of NO by atmospheric oxygen:
Equation 2.11
The rate of this reaction is highly dependent upon the concentration of NO, with 
high levels enabling relatively fast conversion to NO2. This coupled with stagnant 
winter air can enable this reaction route to present a significant contribution to NO2 
production (AQEG, 2004). This formation route is believed to be the cause of 
several high-N0 2  episodes in London, Manchester and Birmingham in the early 
1990s (EPAQS, 1996). In general NO2 levels tend to be highest where traffic 
densities are high as even though the NO2 is largely a secondary pollutant, the 
reaction rates are very rapid so the highest concentrations are closely associated 
with the road networks (Bower et al., 2005).
Also important to the balance on NO2 in the lower atmosphere are the wet and dry 
removal processes. The main atmospheric sink for NO2 during the daytime is 
through the production of HNO3 in the reaction with OH radicals. This compound 
can then be removed from the atmosphere by way of wet deposition processes. A 
secondary mechanism for loss is through dry deposition principally to stomata 
(Atkins & Lee, 1995), though the rate of loss by this route is of a magnitude less 
than via the reaction with OH.
2.3 Measurements
Measurements of levels of contaminants in the air are fundamental to the study of 
air pollution, and to the legislation designed to control it. The measurements form 
the basis of modelling studies designed to assess the exposure of the local 
population to the pollutants, and from this a course of action is designed. This is 
especially true within the European Union, where air quality targets are set for 
ambient air quality. In other areas, such as the USA the targets are set for 
emissions, thus legislation has to be different to take account of this.
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In the UK, air quality targets are set based upon the EU target directives 
(Framework Directive 96/62/EC and Daughter Directives 99/30/EC (NOx, SO2, Pb 
and PM10), 2000/69/EC (benzene and CO), 2002/3/EC (ozone) and 2004/107/EC 
(arsenic, cadmium, mercury, nickel and polycyclic aromatic hydrocarbons) (all 
Council of the European Union: 1996, 1999, 2 0 0 0 , 2002 and 2004)), and also on 
the results of epidemiological studies. These examine the potential health impacts 
of both short and long term exposure to various pollutants. In the case of nitrogen 
dioxide, the main effects are deterioration of lung function (Buick et al., 1999). The 
targets set by the UK govemment in its policy paper on national air quality (DETR, 
2000a), reflect the targets set by the EU, but require more stringent target dates for 
the UK. As the UK and EU air quality targets are based on ambient air quality, 
attainment of targets is based upon a series of measurements. In the case of NO2 
these measurements are carried out using both passive diffusion monitoring, and 
chemiluminescent methods. The EU target levels for air quality as set out in the 
above directives are described in Appendix A. Target air quality standards were 
set based on the EU directives with various time scales imposed. In the case of 
NO2 an annual-mean target value of 40pgm'^ was set: with the monitoring for this 
time scale being dealt with primarily through deployment of diffusive measuring 
devices discussed below in section 2.3.2. A further target of an hourly-mean of 
2 0 0 pgm' ,^ which was to be exceeded not more than 18 times per year, was set to 
cover episodic high pollution levels (Bower et al., 2005). This high temporal 
resolution target required monitoring using higher frequency monitoring. This 
target is generally monitored using real-time measuring units comprising the 
Automatic Urban and Rural Monitoring Network (AURN). This utilises 
chemiluminescent techniques for the measurement of NO2 levels.
2.3.1 Chemiluminescent measurements
The AURN was set up in 1992, and site numbers have now increased to provide 
125 monitoring locations by 2005 (Eaton & Stacey, 2006). Of these, 63 are local 
authority owned, with the remainder being maintained by DEFRA and the 
Devolved Administrations (Bower et al., 2005). The monitoring stations within the 
AURN monitor for several pollutants at each site. These comprise the oxides of 
nitrogen (NOx), carbon monoxide (CO), sulphur dioxide (SO2), ozone (O3) and 
particulate matter (both PM10 and PM2.5 using several different techniques).
Spatial Aspects of Regional Air Pollution Monitoring Page 20
Chapter 2 -  Literature Review
For NO2 the reference method specified in the EU First Air Quality Daughter 
Directive (Council of the European Union, 1999) for the measurement of NO2 is 
chemiluminescence. In the case of tropospheric NO2, this refers to the 
fluorescence which results from the chemical reaction sequence:
NO + O3 —^ NO 2  + O2
NO2  NO 2  + h v
Equations 2.12 & 2.13
The initial reaction of NO with O3 produces an exited nitrogen dioxide molecule 
(NO2*) which emits a photon of energy hv (J) as it returns to its ground state. The 
intensity of the fluorescence is proportional to the concentration of NO (AQEG,
2004). The analysers do not directly measure NO2 concentrations, rather they 
measure the NO; then utilise a N0 2 -to-NO converter and measure the resultant 
NOx; the NO is then subtracted to give the NO2 concentration.
This results in a technique with a lower detection limit of approximately 1 pgm'  ^
(AQEG, 2004). The chemiluminescence technique is used in the UK to measure 
NO2 to an accuracy of ±10-11% and a precision of ±3.5ppb (Concentrations of 
nitrogen dioxide are generally expressed as either parts per billion (ppb) or 
micrograms per metre cubed (pgm^). 1 ppb of nitrogen dioxide is equivalent to 
1.91pgm'^at 20°C and 1013 millibars or to 1.88 pgm'  ^ at 25°C and 1013 millibars) 
(EPAQS, 1996).
The nature of the measurements produced from the automatic units gives a very 
high temporal resolution to the resultant data. As NO2 levels are closely related to 
traffic density, and the reactions involved in its creation and removal are rapid, it is 
possible to discern traffic patterns from the NO2 data collected from many of these 
sites. In data collected from three automatic units at sites within Surrey clear 
peaks in the NO2 (and corresponding NO and NOx) were found to mirror the peak 
traffic times; giving two distinct peaks for the morning and evening rush hours, with 
reduced levels between and overnight (Cowan et a/., 2 0 0 1 ). This pattern was
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clearest in kerbside locations, but was still distinct at background (>150m from 
major road) sites, though with lower overall levels. The same trend was witnessed 
at sites in Dundee, with the morning and evening peak concentrations being 43% 
and 72% respectively higher than the overnight minimum (Collett etal., 1997).
2.3.2 Diffusive measurements
Diffusive monitoring involves the exposure of a passive device containing a 
membrane coated with a compound designed to react with the species to be 
measured (Atkins & Lee, 1995). These devices are typically exposed to the 
atmosphere for periods of a month; and the mean concentration of the target 
species in the atmosphere can be calculated by the amount of chemical change 
undergone by the chemical coating in that time. Currently deployed devices suffer 
from high levels of uncertainty attainable for individual measurements. However, 
work is being undertaken to produce improved units, with the potential to measure 
ambient NO2 to a far greater accuracy (Gerboles et ai, 2005).
In the UK the majority of the diffusion tubes deployed are of a type known as 
Palmes tubes. These comprise an acrylic tube with a steel grid coated in 
triethanolamine (TEA) at one end which is sealed, and a cap at the opposite end 
which is removed to begin exposure. The removal of the cap sets up a 
concentration gradient within the tube, causing molecular diffusion towards the 
TEA-coated grid. The TEA adsorbs NO2 to produce a nitrate salt that is later 
determined by colorimetry. The average concentration of NO2 at the open end of 
the tube over the exposure period is then calculated from the measured value and 
the tube’s internal geometry upon which the rate of gas transfer is dependent 
(AQEG, 2004), and the constant of proportionality (molecular diffusion of the NO2 
in the air)(Loader, 2006).
The overall responsibility for coordinating the national NO2 survey in the UK was 
carried out by AEA Technology pic. (Loader et al., 2001). The survey presents 
data from four pre-determined diffusion tubes per borough throughout England and 
Wales. The location of the tubes must include at least 1 site located at each of the 
Kerbside, Intermediate and Background locations. In December 2000 the
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requirement for the monitoring of intermediate sites was dropped, and the national 
survey sites are now split evenly between Kerbside and Background sites.
The period of the Surrey diffusion tube data analysed for this study, 1993-2002, 
includes Kerbside, Intermediate & Background sites. Most boroughs maintain 
more than just the four sites required for the national survey. In Surrey, there are 
148 sites in total, of which only 44 are included in the national survey. Several 
reports have been prepared by AEAT for the Department of the Environment, 
Transport and the Regions (DETR, now under the auspices of DEFRA and DTR) 
based on the data obtained from the overall survey. In 2000, the national survey 
comprised 1326 sites, in 323 local boroughs and unitary authorities (Loader et al.,
2001). The data from the national survey have also been discussed in the 
scientific literature. Many of these use the data to deduce the UK wide distribution 
of NO2 (Stedman et al., 1997; Stevenson et al., 2 0 0 1 ), and take into account up to 
1000 of the national survey sites. The resolution of these ‘pollution maps' is 
dependent upon the number of sites used: but all of them tend to show fairly 
constant patterns of NO2 throughout the study periods. Some effort has gone into 
combining the field data with empirical modelling techniques to improve the 
resolution of the maps (Stedman et al., 1997), producing output that clearly 
demonstrates the dominance of major cites and roads in generating air pollution.
Several factors have been determined to affect the performance of diffusion tubes. 
These include:
1 ) the laboratory preparing and analysing the tubes
2 ) the exposure interval -  weekly, fortnightly or monthly
3) the time of year
4) the exposure setting -  sheltered or exposed
5) the exposure location -  roadside or background
6 ) the tube preparation method
(after AQEG, 2004)
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The proportion of the uncertainty for each individual diffusion tube measurement 
attributable to each of factors can vary, which affects analyses of data from 
differing studies. In the case of the data used in chapter 3 of this thesis, factors 1, 
2  and 6  are constant in most cases as the same laboratory carries out the 
preparation and analysis, and the exposure period of one month is defined by 
national network requirements and is adhered to for the other sites in the study 
area. Factor 3 is discussed in chapter 3 with relation to seasonal variations, and 
factors 4 and 5 are addressed in section 2.4.
Each individual diffusion tube measurement, as discussed before, has an 
associated uncertainty of ±24-38% based on comparison with chemiluminescence 
methods (Bush et al., 2 0 0 1 ). Other studies have been concerned with how 
specifics of the tube’s placement, exposure time and handling can affect the data 
produced. In one such study, comparisons were made between clear and opaque 
tubes, to assess the impact of in-situ photochemical effects, over exposures of one 
and four weeks (Heal et al., 1999). The results were compared with 
chemiluminescence analyses to assess the absolute errors. In general the results 
showed that the diffusion tubes overestimated NO2 concentrations by 27% for the 
single-week exposures, and 25% for the four-week exposures. The overestimation 
was considered to be attributable to the chemical process within the tubes, though 
it was not considered feasible to derive a correction factor from this due to the 
variations in individual tubes. The differences between the two exposure periods 
were suggested to be due to gradual loss of bound NO2 and the ion NO2" from the 
adsorbent. This would be greater over the longer period as the concentration of 
adsorbed material increases with time. The aim of comparing clear and opaque 
tubes in this experiment was to assess whether there was any in-situ 
photochemistry occurring. If adsorbed NO2 were being lost to this process, then it 
would be expected that the opaque tubes would show higher values than the clear 
ones. Heal et al. (1999) considered that this type of loss was likely to occur, but 
their experimental results were inconclusive.
In comparison to the chemiluminescent measurements addressed in section 2.3.1 
the diffusion tube measurements suffer from a higher degree of uncertainty. There 
is a tendency for the diffusion tubes to over-estimate the ambient NO2
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concentrations when compared to the chemiluminescent techniques (Heal et al., 
1999 & Bush et al., 2001). It is possible under certain circumstances for the tubes 
to under estimate, however, the factors that tend to cause the under estimation are 
generally easier to eliminate thus the over estimation is more common (Loader, 
2006).
2.4 Specific position
The vertical range in which monitoring devices may be fixed could result in wide 
variations in the levels of a pollutant measured at an individual site. This is 
especially true in urban areas where street canyon effects can result in very strong 
vertical concentration gradients. Taking street canyon effects into consideration 
could also be important from a horizontal position perspective, as concentrations at 
the windward and the leeward sides of the street can be very different (Xie et al., 
2003). The requirement of stricter location criteria for monitoring devices with the 
purpose of minimising uncertainty due to the horizontal variations would be difficult 
given the dependence of these variations on the direction of the wind with relation 
to the orientation of the street. The proximity of the monitoring site to the buildings 
forming the canyons or even in more open situations would need to be addressed, 
as currently some tubes are located under the eaves of buildings and in other 
situations with strong localised flow regimes.
Rural areas would be easier to produce stricter location criteria for, though there 
are still many challenges to be addressed. The proximity of buildings could still be 
a concem, as could nearby foliage and perhaps topography. Major roads tend to 
be more open outside of urban areas, with higher traffic speeds resulting in higher 
degrees of atmospheric turbulence. Measures to constrain the uncertainty of 
measurements due to the variations in specific location factors including both rural 
and urban sites would require careful consideration, and a degree of compromise, 
due to the differing magnitude of the uncertainties caused by the different effects at 
the different sites.
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2.5 individual data
The issue of the strength of individual data collected with diffusive samplers can 
often prove a major distraction from extracting useful results from the data. Long 
time-series of measurements are required to create averages that are within 
acceptable realms of uncertainty and error (after concems detailed in Venkatram, 
2002). The specifics of tube location may have to be considered in separate 
studies to assess the specific uncertainty associated with the new unified criteria. 
If the locations can be tied down to a far narrower band of positions it may be 
possible to reduce the current uncertainty levels for both individual readings, and 
for averages. This would allow more confident interpretation of the findings from 
the GIS studies.
On top of the four national survey tubes each local authority has a varying number 
of extra diffusion tubes based on its specific requirements. This results in a range 
of ‘spare’ tubes from none to many tens in some cases. Partly this is due to the 
differing geographical sizes of the authorities, but is also dependent upon the 
importance afforded to air quality monitoring by each authority.
To impose a uniform strategy across the country could, in some cases, require the 
acquisition of further tubes. This would probably apply to those areas with only the 
minimum four tubes, but also to areas with large geographical constraints where 
the current network would be too thinly spread.
2.6 Modelling
Air quality modelling has evolved alongside the various monitoring initiatives as a 
powerful tool for assessing air pollution. Modelling contributes to the assessment 
of air pollution in part by supplementing the information collected from the 
monitoring networks; enabling fewer monitoring sites to be required (Stedman et 
a/., 2005). Modelling often requires large amounts of data for its application, and 
many hours for both preparation and computing time in execution. The results 
from modelling are subject to uncertainties as with the measurements, but the 
sources are different. The techniques developed in this thesis for the development 
of improved wide area pollution mapping from measured data present potentially
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powerful information, when displayed and compared with modelled outputs. 
Models can generate many different outputs from their runs: pollution data; traffic 
data; meteorological data over wide spatial and temporal scales. These data used 
alongside the improved mapping and spatial content derived from the methods 
discussed herein, and other data such as demographic information, have the 
potential to enable a large variety of GIS based comparisons to be made. 
Modelled data is often of a high resolution, but over a relatively small area, so the 
integration with wider area spatial information from the new technique may enable 
information to be gathered from areas beyond the model's ranges. The following 
discussion of current modelling details some of the factors involved in modelling 
that could be utilised alongside the new technique as robust data sources for GIS 
applications.
The numerical models used to study air pollution are generally developed to 
address a specific problem, therefore they usually have a focus on one of the main 
influencing factors. Some models concentrate on primarily the physical factors 
such as the meteorology and dispersion patterns, where others will be more 
concerned with the chemistry. Many of the commercial models (e.g. ADMS-Urban 
(CERC, 1999) and AERMOD (USEPA, 1998)) attempt to integrate all the factors, 
but inevitably have to sacrifice in one or more areas to keep the computing 
requirements within reasonable bounds. The scale of such a model is often fixed, 
or within a set of bounds. This enables certain factors to be parameterised, again 
to keep the computing requirements reasonable. This parameterisation based 
upon scale gives each of the different area models slight advantages over the 
others. This is especially true of resolution, where the smaller area models tend to 
have greater resolution in the horizontal, and the wider area models greater 
vertical resolution. The types of contaminant sources are also usually specific to 
the design of the model, with many models concentrating purely on emissions from 
factory stacks (such as ADMS 3 (Carslaw and Beevers, 2002a), or from road traffic 
(such as the CAR International model utilised in Carslaw and Beevers (2002b) to 
investigate the impact of low emission zones in London).
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2.6.1 Dispersion models
The most commonly used models for the study of air pollution are dispersion 
models. These are usually written specifically to produce air quality predictions, 
and are often sold as commercial systems. The main advantages of these types 
of model are that they generally run on a desktop PC or workstation. As such they 
are widely used by environmental consultancies, and within academia.
One of the most commonly used forms of model, is a stand-alone line source 
emission model. These are written to produce values of the amounts of 
contaminants emitted by vehicles passing along a stretch of road. These typically 
allow a user to vary the information regarding the composition of the vehicle fleet 
along a road, the speeds and the surroundings. In a review of this type of model, 
Nagendra and Khare (2002) compare types of line source emission models such 
as Caline (a US EPA model), from the point of view of deterministic versus 
statistical comparisons. The report by Nagendra and Khare (2002) shows 
deterministic models to be useful dependent upon the simplifying assumptions 
used. Numerical models were considered to be the best, whereas statistical 
models were considered to be very site specific and to under-perform if the input 
data were very variable. The statistical type of model is used most frequently in 
the US where legislation is designed around emissions, rather than ambient air 
quality.
For the purposes of general air pollution modelling, and simulations of air quality, 
more complex models are used. These integrate multiple line or point source 
emissions models, and often both, with chemistry schemes and wider reaching 
dispersion patterns. They allow a user to view the overall effect of a road network, 
rather than a single road, and are far more useful for assessing population 
exposure to pollution than line source models alone. One commonly used model 
is ADMS-Urban, which is an integrated system allowing multiple line and point 
sources, and also multiple receptor points. Owen et al. (1999 & 2000) used 
ADMS-Urban in a study of air pollution in Greater London. This study compares 
the modelled results with measured data to assess the strength of the model. The 
study uses the Greater London emissions inventory, based on 1995, as its basis. 
The pollution fields generated from this study compare well with the measured
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data, but the model tends to underestimate NOx for winter. Also, as the chemical 
scheme is a post processor, then the underestimation of NOx passes on to NO2 
predictions. Generally though, the chemical scheme produces similar results to 
the measured data, no matter which scheme is chosen (Owen et a/., 2 0 0 0 ). 
ADMS-Urban also offers the option of using the Derwent-Middleton correlation to 
produce values for NO2, but it is found that this produces estimates for 
summertime NO2 that are 30% below the measured values (Owen etal., 2 0 0 0 ).
2.6.2 Meteorological models as input sources
There are many extant models used for the forecasting of weather which can be 
used or adapted for the prediction of air pollution levels. These are often used 
when large area predictions are required (mesoscale to synoptic scale), and for the 
study of longer term impacts. More often, meteorological models are used to 
provide inputs to more specific air pollution models, especially for areas where 
meteorological measurements are sparse.
Forecast models such as those used by the United Kingdom Meteorological Office 
(UKMO), Météo-France and the National Weather Service in the United States are 
very complex programs, and as such require large amounts of computing 
resources to operate (Briggs et al., 2000). These systems are often tied into 
operational pollution forecasting systems, and as such provide the basis for the 
pollution forecasts received by the public. Because of the design of the 
meteorological models, with grids typically between 1-10 Km spacings, these 
models do not provide very high spatial resolutions. Instead overall and 
background levels are predicted. In studies by Tulet et al. (2000) and Hedley and 
Singleton (1997a, 1997b), mesoscale meteorological models were used in 
conjunction with photochemical models to predict air pollution levels and events as 
a test for the system. These models have been found to be very useful for looking 
at the vertical distribution of pollutants, as they include calculations for air above 
the planetary boundary layer.
Hedley and Singleton (1997a & 1997b) used a state of the art non-hydrostatic 
meteorological model (Mesoscale Compressible Community Model (MC2)) 
coupled with meteorological pre-processor (CALMET) and an advanced
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photochemical model (CALGRID). This system was applied to a simulation of the 
air pollution within the Lower Fraser Valley in British Columbia. The initial 
simulations of the meteorology in the region were compared with acoustic sonde 
and tethersonde data. The simulations were found to be good but would be better 
with higher spatial resolution, especially for certain parameters. The 
photochemistry module produced good results but proved highly sensitive to 
emissions factors. This result gives a critical insight into the importance of 
selection of emissions data sets for simulations, especially when trying to recreate 
a real environment.
The studies by Tulet et al. (2000) suggest that one of the major advantages of 
these large scale models is the greater vertical resolution they offer, compared to 
the dispersion models alone. In a typical dispersion modelling package only the 
processes within the planetary boundary layer are modelled, whereas in the larger 
scale models the upper troposphere is also modelled, allowing estimates of trans­
boundary layer fluxes to be made for individual situations.
Other studies have considered different aspects of the application of 
meteorological model outputs in dispersion modelling, and most importantly on the 
limitations prescribed by this practice. Hogrefe et al. (2001a, 2001b) used the 
regional scale meteorological models MM5 and RAMSSb to feed air quality 
models in the US. The papers look at how models represent the meteorological 
data and how this influences predictions. The air pollution patterns produced 
demonstrated low correlation on an intra-day scale to measured results (under 
estimation of variance throughout a day), but good correlation on a longer time 
scale (Hogrefe, 2001a). Thus the models are better used for predicting average 
patterns over extended periods. The photochemistry schemes used again tended 
to underestimates variance on intra-day time scales, but showed higher mean 
concentrations. For pollution this effect is thought to be an effect of large grid 
scales not being able to capture changes in local effects. The conclusions of this 
paper suggest limitations to application to regulatory uses, as the target values are 
often on short time scales or are specific to certain sites.
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As an extension to some of the concerns raised by other studies, Pielke and Uliasz 
(1997) state that many of the studies have failed to consider the limits that the 
accuracy of the meteorological models impose on the pollution patterns described 
by the model outputs. They suggest that the accuracy of the inputs should be 
considered as an upper limit to the skill of the air quality models.
2.6.3 Further application of models
Within the above discussion there are several concerns raised around the 
predictions of contaminant levels produced by the various models. These 
concerns become especially important where the results from the model studies 
are used for regulatory purposes. Several studies have looked beyond the basic 
design of predicting pollution fields, and proposed uses for the models that are tied 
more directly into legislation.
In a study undertaken in Germany, Langmann and Graf (1997) discuss the ability 
to model potential effects of climate change on European air pollution. They 
consider whether models such as EURAD can cope with changes in surface fluxes 
and cloud generation, which are seen to be some of the more important effects of 
climatic change with regards to air quality. Over all the models tested perform 
reasonably well, but tend to under-predict in winter for both pollution 
concentrations and cloud cover. This winter under-prediction occurs in many of 
the studies discussed here, thus it is considered sensible to model the air pollution 
in Surrey on a monthly basis. This will allow the results to be compared to the 
measured data independently of seasonal effects.
On a more local scale, Kousa et al. (2002) utilise a dispersion model to produce 
spatial and temporal NO2 patterns, which are then compared with information 
about homes and workplaces obtained from the local government. By comparison 
of the two patterns an average personal exposure is generated. This tool is 
designed to be used by municipal authorities for planning, as it is relatively simple 
to use, and provides precisely the type of information required by European 
authorities for regulatory purposes.
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2.7 Mapping
Both measured and modelled data, and frequently a combination of the two are 
used to produce maps of air pollution. These provide a medium for display, also 
for comparison of the patterns in air pollution.
The practicality of using diffusion tube data to look into temporal trends has been 
cited in several studies. Atkins & Lee (1995) analysed data, collected from just 57 
sites before the commencement of the national network in 1993, for both spatial 
and temporal trends across the UK. The spatial data is interesting when compared 
with that of later studies (Briggs et al., 2 0 0 0 ), given its much coarser resolution. In 
these comparisons the patterns produced are broadly similar, with the level of 
detail being the only major difference. Atkins & Lee go on to examine the temporal 
trends visible in the dataset, in particular the seasonal variations across the UK. 
The NO2 data illustrate similar patterns to those presented for Surrey (Lythe et al., 
2000), showing the peak values in the winter months and a summer low. This 
pattern is also clearly visible in data collected over a very small spatial range 
(2 km )^, and from very few sites (Hargreaves et al., 2 0 0 0 ), suggesting that this 
trend is independent of the scale of the measurement area.
The national maps of rural NO2 concentrations produced by Atkins and Lee (1995) 
give values for the area around Surrey in the range 12-18 ppb, depending upon 
the season. These are slightly below the values suggested in Lythe et al. (2002) 
as they only include the rural sites, where the more recent work on Surrey also 
takes into account the neighbouring urban sites; thus the higher levels of pollution 
present in the urban atmosphere are included in the averaging.
In a joint French and Romanian study, lonescu et al. (2000) use monitoring data to 
produce pollution fields across area. This is analogous to the work presented in 
Lythe et al. (2002), but uses a different interpolation scheme. Thin plate spline 
interpolation is used to generate the patterns, and quality is approximated by 
utilising a leave-one-out cross validation. As the pollution is non-homogeneous 
across region, then cluster analysis is used, and gives good agreement with 
measured values for this study. This application is only for an urban area.
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however the technique of cluster analysis, or similar forms of subset selection, 
could considerably improve the mapping of air pollution from measured data.
Geographical Information Systems (GIS) have also been applied to creating maps 
of pollution from measured data. Briggs et al. (1997) used a regression based 
methodology for mapping traffic-related air pollution within a GIS. This study was 
undertaken for Prague, Huddersfield and Amsterdam and the results were 
compared to diffusion tube measurements with 2 week exposures. The GIS was 
supplied with monitored levels of pollution, road structures, traffic patterns and land 
cover. A regression equation based on predictor environmental variables was then 
constructed, and then applied to produce maps of pollution in the three cities. The 
results were then compared to reference sites not used in the construction of the 
regression equations. This method produced a good agreement with the reference 
values, whilst utilising only minimal computing time. Diem and Comrie (2002) 
utilised a similar technique in the US but used long time series (rather than large 
numbers of sites) to get the regression equation, then used estimates of 
precursors and GIS to produce maps. The comparisons with measured results 
produced correlations where was approximately 0.9, which is at least as good 
as results from full dispersion models. The methods of comparisons of the data 
sets used in both these studies rely on the comparison of individual points from a 
pollution field with their measured equivalent. For the comparisons used in the 
study of pollution in Surrey, a similar technique will be applied for the initial 
comparisons.
2.8 Accuracy and uncertainty
A major concern when using computational models to study air pollution is the 
representation. The uncertainties with measurements are perhaps easier to 
discuss as they can at least be measured objectively by comparison with known 
standards. The reasons for the inaccuracies and uncertainties can then be 
deduced. With models, there are not only the uncertainties with how the physical 
phenomena are represented by the equations, but also how the equations are 
represented in the numerical schemes of the model. The approaches to 
calculating the uncertainty within the models are equally as complex. Yegnan et
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a/. (2002) use the Industrial Source Complex Short Term (ISCST) model to predict 
air pollution concentrations from a point source. First and second order Taylor 
series are then used to calculate uncertainties due to the ambient temperature and 
wind speed algorithms. The results are then compared with Monte Carlo (MC) 
simulations of the uncertainties. Uncertainty with wind speed was found to be 
approximated most closely with a second order Taylor series, whilst ambient 
temperature was closer to a first order result. This approach was suggested as 
good alternative to MC simulations as is both time and computer efficient.
Often results from models need to be interpreted to allow for comparisons with air 
quality targets. This is especially true of the time scales at which a model is run. It 
is expensive in computing time to run a model at hourly intervals, or smaller. It is 
also often difficult to acquire suitable input data to run the models at these 
temporal resolutions. Venkatram (2002) tests a common (especially in the US) 
method for converting from longer term calculations to short term values, 
especially down to hourly values. This standard method gives poor comparisons 
to the measured results, based on time series analysis. In the monitoring in the 
UK, and that discussed for Surrey, the differences between measurements from 
diffusion tubes and those from real-time units are often discussed.
The uncertainties in both the modelled and measured data vary from place to 
place, and certain specific conditions will influence uncertainties calculated for 
results in certain areas, especially in cities. Vardoulakis et al. (2002) discuss 
uncertainties based on comparisons of three model results (STREET, OSPM and 
AEOLIUS) to measurements from a street canyon. Input factors (emission factors 
and meteorological data) and internal model parameters are considered, and the 
relative importance of each is discussed. It was found that wind information from 
urban sites optimised application of models to urban areas, where often very 
general wind fields are used. Large uncertainties due to vehicle emission factors 
were identified, which is of some importance to the work on Surrey, as all of the 
emissions are considered to be from traffic. Thus for Surrey, several runs, each 
with differing emissions scenarios, would be favourable to obtain reliable results. 
Vardoulakis et al. (2002) do not consider the uncertainties associated with the 
measurements used for validation, thus even greater uncertainties may be
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possible for each result. Implications of these uncertainties are especially 
important when the levels are close to air quality standard, and decisions may be 
based upon them. Any results from a comparison of modelled output with 
measured values will thus have to be validated by the vigorous application of 
statistical techniques.
Knowledge of uncertainties and how they vary across an area are vital if the data 
from different sources are to be compared spatially in a GIS. For information to be 
reliably extracted from GIS comparisons, the similarities and differences of the 
controlling factors for the different layers need to be understood. Measured data is 
subject to uncertainties derived from the factors affecting methods of measurement 
detailed in section 2.3.2. These factors vary spatially from site to site, thus the 
uncertainty for individual sites may vary. When data from modelling and other 
spatial sources are compared in the GIS environment, the comparative 
uncertainties from each of the data sets may vary differently from each other, so 
an assessment of this variation would enable a clearer understanding of the 
underlying factors affecting the inter-data comparisons.
2.9 Management and legislation
One of the aims set out in this project was to assess the potential for the results 
from an in depth study into the spatial characteristics of air pollution data to guide 
air quality management schemes, and whether results already used could have 
caused misdirection. This is an important concept as the primary reason for the 
monitoring taking place in the UK is to aid in producing policy to improve air 
quality. The measurement data can be used both to direct legislation, and also as 
a tool to monitor its impact. The UK air quality review and assessment process 
presently uses this data in the former sense, identifying problem areas, and acting 
directly to mitigate these. The monitoring of the impact of legislation on actual 
levels of air pollution has been shown to be possible, at least on a local scale 
(Oduyemi & Davidson, 1998) where specific schemes have been put into place. 
The data from the national survey should also be able to detect the impacts of 
legislation on a wider scale, though the attribution of these improvements to 
specific pieces of legislation is likely to prove difficult (Beattie et al., 2001). Thus,
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any solutions proposed on the basis of the present study would be hard to verify in 
practice, implying that a more hypothetical approach to the problem is necessary. 
The implications of the work by Vardoulakis et al. (2002) are important to this 
section. Much of the local air quality management revolves around the defining of 
Air Quality Management Areas (AQMAs) (DETR, 2000b), and a great deal of the 
information used in making the decisions about these areas is based on modelling. 
Most of the AQMAs that have been declared are described spatially by the results 
from dispersion modelling (Woodfield et al., 2003), but it is still possible some of 
these are missed due to the uncertainties inherent within the assessments 
imposed by the reliance of targeted monitoring in the initial phases. As of 2004 
some 150 local authorities, representing about 40% of the total number, have 
declared AQMAs. Of these 95% are declared as a result of failing air quality due 
to road traffic emissions (Bower et al., 2005).
2.10 Summary
The monitoring and modelling of air pollution in the UK is driven largely by 
commitments of both national and local government bodies to the various EU 
directives on the subject. These require certain levels of air quality to be attained 
for the sake of the health of the population. Monitoring initiatives have developed 
as the initial method through which an understanding of air pollution in an area is 
gained. For NO2 there are two techniques deployed: chemiluminescent 
measurements and diffusion tubes. The former provides high temporal resolution 
data with relatively accurate measurements, but its deployment is restricted by 
economic constraints. The diffusion tubes present wider data coverage, but are 
limited in their data strength by data uncertainty. These diffusive measurements 
are often used to target areas for modelling studies. Computer modelling 
simulations offer high spatial and temporal resolution, but are often only conducted 
for a small area due to intensive data and time requirements.
Of the various techniques presented above, diffusive monitoring presents a strong 
potential for economical long term monitoring of NO2. The new generation of 
diffusive type devices (Gerboles et al., 2005) will overcome many of the shortfalls 
of current technologies, but there are still points to address. Current deployment
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strategies are concerned with only the individual measurement, whereas the wide 
scale distribution of the diffusion monitoring sites has the potential to produce 
important spatial information. Mapping techniques can be applied to generate 
surfaces from most datasets; however the division of the monitoring strategy 
between different political bodies potentially introduces dependency effects, and 
boundary discontinuities (Haining, 1990). The potential for spatial data to be 
extracted from a current diffusion monitoring study, and the areas in which such a 
study can be improved for spatial data collection are assessed in the main body of 
this work. The datasets from an improved diffusion monitoring network would 
provide powerful tools for GIS analyses alongside the real time and modelled data.
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Analysis of a 10-Year Surrey Data Set
This chapter addresses the analysis and interpretation of a data set comprised of 
NO2 diffusion tube measurements collected within the county of Surrey in southern 
England. The data are first analysed for compliance with government target 
values based on the annual mean values for each site. The data are then 
interrogated for temporal trends, i.e. long term variations and seasonal patterns. 
Finally the data are represented spatially, and the areal trends are discussed.
3.1 Background
All local and unitary authorities in the United Kingdom have been required to 
monitor air pollution, since 1993, as part of a national survey. This was intended 
as the basis for a series of review and assessment exercises designed to reduce 
air pollution to below target values by 2003 (It is still unclear how successful these 
exercises have yet been). The authorities were expected to monitor a variety of 
pollutants using various methods, and over several time scales, depending on the 
specific pollutant. These included the major oxides of nitrogen (nitric oxide and 
nitrogen dioxide), carbon (carbon monoxide and carbon dioxide), sulphur (sulphur 
dioxide) and a variety of other volatile compounds such as benzene and 1,3- 
butadiene.
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Most pollutants are preferentially measured using spectroscopic or chemical 
means. The spectroscopy measurements are generally more accurate, but the 
apparatus are more complex and bulky and often prohibitively expensive. The 
sampling periods over which these pollutants are measured are based upon the 
duration of exposure that would affect human health. Air quality targets, and the 
dates by which they are to be attained, are part of the National Air Quality Strategy 
and are shown in Appendix A.
One of the easiest pollutants to sample, and consequently, the one with the best 
sampling coverage, is nitrogen dioxide (NO2). This is commonly sampled by 
means of a simple diffusive method, which is relatively cheap and easy to 
maintain, therefore large numbers of sites can be operated. NO2 is also measured 
in a very limited number of locations (3 in Surrey in 2000) by means of a more 
accurate, but vastly more expensive, chemiluminescence technique (Cowan ef a/.,
2002). This provides data at fifteen-minute intervals, compared with the diffusive 
sampler’s monthly averaging period, so is useful for making comparisons with the 
longer exposure data. The tubes are positioned within the constraints of criteria 
set down in the national survey guidelines (Bush et al., 2003). These govem, 
within fairly broad ranges, the positions of the monitoring points with respect to 
major roads. These are:
Roadside sites: 1-5m from a major road.
Intermediate sites: 20-30m from a major road.
Background sites : >50m from a major road.
N.B. The Roadside sites were originally referred to as Kerbside and the 
Intermediate sites were discontinued from the end of December 2000 
(Loader at a/., 2000 & Bush at at. 2003)
The same guidelines (Bush at a!., 2003) govern the details of location of the 
diffusion tubes with respect to vertical range, and separation from structures. 
These ranges are similarly broad, albeit on a smaller scale, with vertical range 
being confined to 2 - 4m above the ground (with allowance of up to 5m in some 
cases), and with a preferred separation from buildings of 0.5 -  1m. The design of
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these criteria is based on a need to measure the pollution in a way representative 
of the exposure of the populous, which is to measure the quality of the air we 
breathe.
The data produced from the diffusion tubes are expressed as an hourly average of 
the exposure period. This enables direct comparison with the annual hourly mean 
target value of 21 ppb (See Appendix A), compliance to which is required by the 
end of 2005.
NO2 is a secondary pollutant with respect to traffic emissions. Its major route of 
formation in the lower troposphere is through the oxidation of the primary pollutant 
nitric oxide, NO (formed by the oxidation of atmospheric nitrogen during 
combustion), by ozone. During daylight hours, this reaction forms part of a 
pseudo-equilibrium relationship with the loss of NO2 in sunlight, and the production 
of ozone. The basic reaction schemes can be found in the literature review 
together with a further discussion of the atmospheric reactions of NO2 and their 
importance.
The choice of nitrogen dioxide as the pollutant for this study of traffic related air 
pollution was based on a variety of factors. Firstly, it was essential to have a long 
time series to allow the data to be interrogated for temporal trends. In addition, the 
quantity and locations of the diffusion tubes provided good spatial coverage, which 
in turn, provided a suitable data set for the GIS analyses. At the start of this 
project, the NO2 diffusion tube data set from Surrey, provided time series of 
monthly averages for seven years (January 1993 to December 1999). This initial 
analysis has since been extended to include data up to and including 2 0 0 2 . 
Furthermore, there were 148 diffusion tubes widely distributed across the region.
Conversely, however, nitrogen dioxide is a secondary pollutant and ideally, it 
would have been be preferable to use a primary pollutant when quantifying values. 
In this case, the use of the secondary pollutant was justified as nitric oxide oxidises 
to nitrogen dioxide, well within the time-scales under consideration. In addition, 
the relationships between the two pollutants were known and could be quantified.
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Thus, any relationships between traffic volume and the patterns of NO2 could be 
directly linked with the primary source pollutant, NO.
The main issue was whether the levels of NO2 could actually be attributed to traffic 
in the first instance. The study area selected was Surrey, as this premise had 
already been verified in research for this area by Cowan et al. (2 0 0 1 ). Surrey has 
a very high level of car accessibility, resulting in daily traffic flows at nearly twice 
the national average (Shaw, 2 0 0 0 ) There are very few, industrial sites in the 
county. The prime source of combustion products in the atmosphere was shown 
to be traffic within Surrey. Indeed according to a report on air quality for Surrey's 
Local Transport Plan (LTP) NO2 is, in Surrey, the only pollutant that is currently a 
problem. Due to this almost all of the Air Quality Management Areas (AQMAs) in 
Surrey are directly related to major traffic routes, with between 56% and 89% (by 
borough) of all NOx emissions being accredited to road transport sources (Jones,
2005).
The data were provided by each of the eleven borough councils from within 
Surrey, and in most cases work was required to prepare the data for analysis. The 
datasets had to be standardised with regards to units of measurement, and where 
possible checked against calibration data. Each of the boroughs had set out their 
individual networks according to their own individual requirements, and similarly 
had collected the data together in a variety of fashions. Some time had to be 
spent liaising with the councils to ensure the data used was uniformly detailed. 
The relative accuracy of the results from the different boroughs was kept 
consistent by the use of the same laboratory for all processing.
One of the most significant variations between the boroughs’ data was the 
provision of spatial reference data, as OS grid references and specific site 
descriptions. The accuracy with which the grid references were initially provided 
varied widely, and many sites had to be individually visited to ascertain accurate 
locations. For use in the Geographical Information Systems (GIS) employed 
throughout this study it was essential to have locations specified to within 1 0 m (a 
ten figure OS grid reference), and preferable more accurately.
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The nature of the location of individual sites, even within the same category varied 
widely. The desired parameters for optimum performance of the sampling tube, 
such as height above surface, and clearance from nearby buildings/structures, 
often had to be balanced with practical requirements such as ease of placement.
3.1.1 The study area
The county of Surrey is situated in southern England, immediately south west of 
London. Geographically Surrey is quite varied with the Hampshire Basin to the 
west, the Thames Valley and Basin to the north and north west, and the hills of the 
North Downs running west to east through the middle of the county. To the south 
of the North Downs is the large flat expanse of the Weald (SMOG, 2004). Surrey 
is also the most wooded county in England, with 22.4% (37564 ha) of its area 
being covered by woodland (Surrey County Council, 2006a).
The county as a whole has a relatively small population; estimated at 1,067,200 for 
mid 2004 by the Office for National Statistics (Surrey County Council, 2006b). Its 
largest town is the county town of Guildford with a modest population of 66,800, 
followed by its close neighbour of Woking with 62,800. Only three other towns 
have populations greater than 30,000 people (Ewell, Farnham and Camberley) 
(Surrey County Council, 2006c). These are all marked on Figure 3.1.
The population of Surrey, whilst small, is relatively affluent and has access to a 
high number of cars. The 2001 census reported 633,771 cars available for use by 
Surrey households. The affluence of Surrey is reflected in the fact that 46% of 
households had access to two cars, and just under 10% had access to 3 or more. 
Nearly 60% of all journeys to work were made by car in 2001 (Surrey County 
Council, 2006c). This high usage of cars for journeys to work is due in part to 
Surrey’s position close to London. Figure 3.1 shows some of the major roads in 
the county. The marked roads carry at least 20,000 cars per day (assessed 24- 
hour average daily flows (Shaw, 2000)), with the daily traffic volumes for those 
roads carrying in excess of 60,000 cars per day being shown on the map. The M3, 
A3 and M23 are all major commuter routes into London; with the M23 also linking 
Gatwick Airport to the capital. The road with the heaviest traffic flows within the 
county is the M25 which is the London orbital motorway. This carries traffic around
Spatial Aspects of Regional Air Pollution Monitoring Page 42
Chapter 3 -  Analysis of a 10-Year Surrey Data Set
London between the major motorways to the north and west, and the channel 
ports to the south east. Heathrow airport also lies just north of the Surrey border 
adjacent to the M25.
Heathrow 
Airport Major Roads 
(>20,000 vehicles 
per day)
Camberte
Woking
Oyildford
arnham
Gatwick
Airport
Kilometres
Figure 3.1 Major roads In Surrey with average daily traffic flows (data from 
Shaw, 2000)
Surrey experiences relatively mild prevailing weather for the UK, with an average 
July maximum temperature of 22.5°C and February minimum of 1.5°C for a 
weather station at Wisley near the M25/A3 junction (1971-2000 averages) (UKMO,
2006). With relation to processes important for the chemistry of NO2, Surrey 
experiences on average 1535 hours of sunshine per year, and 110 days with 
greater than 1mm of rainfall. The sunshine hours vary from around 200 per month 
in the summer months, to as low as 43 per month in the winter. The rainfall days 
average as few as 6  per month in the summer, and as many as 1 2  in the winter 
(UKMO, 2006). The prevailing wind direction is from the south west, which helps 
to minimise the affect of London’s air pollution on that of the county.
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3.2 Annual means
The first stage of analysis of the data collected from the NO2 diffusion tubes 
deployed around Surrey involved comparison of the measured values of NO2 (as 
parts per billion, ppb), to the target value as set down in the legislation. This target 
value for an annual average NO2 level is set at 21 ppb (40pgm'^). This is actually 
derived as the annual mean-hourly-average i.e. the mean of the hourly average 
values for each site. The values are generally regarded as a monthly mean, as the 
value is calculated from the monthly measured total (the actual result from the 
diffusion tube) divided by the number of hours exposure. As such it is necessary 
for the deployment times for each tube to be known quite accurately.
Figure 3.2 shows the measured mean NO2 concentrations for all diffusion tube 
sites within Surrey, with each value representing the mean value for the site from 
the period 1993-2002. The red line across the chart represents the EU target 
value of 21 ppb. The sites are grouped by category, with category minimum 
distance from a road being least for the sites to the left (Roadside), and greatest 
for those to the right (Background). The Intermediate category has been included 
as the bulk of the data were collected whilst this category was still in use.
From this analysis it was shown that 39 of the 148 sites analysed (approximately 
26% of the total) had long-term annual means in excess of the 21  ppb target level. 
The majority of these sites with means in excess of 21 ppb fall within the Roadside 
category. This reflects the dominance of the road source in the NO2 
concentrations for the Roadside sites, with the sites with the busiest nearby roads 
generally being those with the highest NO2 mean concentrations. These sites are 
mostly near to the county’s motorways, or adjacent to traffic hot-spots in the 
various town centres. Fewer than might be expected have thus been the centres 
of the AQMAs declared by the local authorities to help reduce pollution levels.
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Figure 3.2 Annual average NO2 values for Surrey
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This discrepancy between the numbers of measured exceedances, and the 
AQMAs declared is due to the nature of the locations of many of the sites. The air 
pollution target levels e.g. 21 ppb annual mean for NO2, specifically relate to areas 
with exposed human population, especially housing. Many of the very high 
measurements are found in areas where there is little or no housing; therefore the 
sites are not targeted in the local authorities’ AQMAs.
The reduced levels of NO2 shown in the Intermediate and Background plots in 
Figure 3.2 are due mainly to the effect of physical dispersion on the pollutant 
concentrations. The polluted air becomes mixed with air from the free atmosphere 
by turbulent mixing, and thus the measured concentration is reduced. There are 
also chemical and physical removal processes working within the atmosphere that 
contribute to this reduction in concentration; the magnitude of all these processes 
depending upon many factors such as atmospheric stability and weather 
conditions such as rain.
3.3 Long-term patterns
The values presented in Figure 3.2 represent the long-term annual means of the 
data set. The target values are strictly for an individual annual mean, thus allowing 
for changes over time. The individual annual means, calculated for each calendar 
year within the study period, were compared for long-term temporal trends i.e. 
whether the annual means had shown an increase or decrease over the study 
period. The trends presented here were calculated as an average percentage 
change with respect to the first annual mean in each site’s dataset.
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Figure 3.3 Percentage change in annual mean NO2 for Roadside sites 1993- 
2002
Figure 3.3 displays the percentage change from the first annual mean (i.e. the 
mean for the 1993 calendar year) in each Roadside set. For the Roadside sites 
there is no clear pattern, with the average percentage change falling out at 
approximately zero. Factors introduced with the aim of reducing traffic-derived air 
pollution, such as cleaner fuels (Euro III and IV) coupled with more efficient 
engines within the vehicle fleet, would seem to be being balanced out by other 
factors: principally increased vehicle numbers (on average throughout the 1990s 
traffic flows have increased by 2% per annum in the study area of Surrey (Shaw, 
2000)). The direct impact of such factors should be greatest at these Roadside 
sites due to the proximity of the receptors (the diffusion tubes) to the pollution 
source (the vehicle exhaust). Factors such as photochemical reactions and 
atmospheric diffusion are less important here due to the reduced time from source 
to receptor.
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Figure 3.4 Percentage change In annual mean NO2 for Background sites 
1993-2002
Figure 3.4 illustrates the same trend analysis, but applied to the Background sites 
within Surrey. For the background sites the overall trend seems to be a decrease 
across the period of the measurements. The average value for the whole set is 
approximately -4% from the initial means. The annual mean calculations each 
carry with them a level of uncertainty, introduced by the uncertainty in the diffusion 
tube measurements. This uncertainty when combined across the whole data set 
for each category is minimised, with an uncertainty for each annual mean 
percentage change of <5%. The variations for the sites are thus within the range 
of uncertainty, and as such cannot be used as a trend indicator.
3.3.1 Individual sites
The change at each individual site can also be assessed as a month by month 
change over the period of the data set. Here, however, the issue of the uncertainty 
of individual measurements is a far greater complicating factor. Figure 3.5 shows 
an illustration of the fitting of a regression trend line through a dataset from a 
Roadside site in the town of Guildford. This site has a calculated annual mean 
change of +2%. For the month by month change shown in figure 3.5 the
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calculated increase is dwarfed by the variability of the uncertainty of the 
measurements. The error bars represent an uncertainty of ±24% which is at the 
lower limit of uncertainty for an individual measurement (Bush etaL, 2001).
Trend Analysis fo r Bridge Street Roadside Site in Guildford
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Figure 3.5 Single location trends assessment
The loss of ability to extract meaningful trends from the data, when the analyses 
are performed over short time scales, illustrates one major weakness with diffusion 
tube based measurements; that is a long time series of measurements is required 
to minimise uncertainty within analyses. As a method for use in short-term studies 
diffusion tube monitoring for NO2 levels has limited applicability. However, when 
longer time series studies are taken, and the associated uncertainties reduced, this 
method proves a useful tool for air quality measurements. All further work in this 
thesis is designed on the basis that long time series measurements will be made, 
thus providing more certain results.
3.4 Seasonal trends
Seasonal patterns (Figure 3.6) were calculated based on the mean values for a 
calendar month from the whole time series. I.e. the January mean was calculated
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from the mean of all sites within a category for the month of January from all years 
within the study period.
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Figure 3.6 Seasonal patterns in NO2 in Surrey.
The average trend over an average year is illustrated in Figure 3.6, which shows 
the mean monthly values of NO2 for all the sites recorded from 1993-2000. The 
data are plotted from July to June to highlight the winter peak in the data.
The seasonal patterns show distinct differences between the categories of site, 
especially regarding the magnitude of the trends. There is a general tendency for 
the levels of NO2 to be higher in the winter than the summer, with December 
exhibiting the highest average levels. This trend shows clearly in the Background 
and Intermediate data but is much less marked in the Roadside pattern.
This general pattern is most likely due to a combination of the differing magnitude 
of photo-effects in the chemical scheme, and the pattern of transport usage 
throughout the year. In the classical pseudo-equilibrium between NO, NO2 and O3 
(Brimblecombe, 1996 and Wayne, 1991), the loss of NO2, and thus indirectly the 
production of O3, is due to the reaction NO2 + hv NO + O f  P) (the triplet oxygen
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atom then reacts with molecular oxygen to form ozone). In this reaction hv 
represents a photon (h is Planck’s constant and v is the frequency of the radiation), 
thus the availability of solar radiation is a major controlling factor in the system. 
Nitrogen dioxide levels vary throughout the year in a pattern, which approximates 
to the inverse of the seasonal variations in incident solar radiation. In the summer 
the intensity of incident sunlight is the greatest, and of the greatest duration. This 
acts as a sink for the NO2 in the troposphere, thus the summertime levels are 
depressed. The photolysis of NO2 is much reduced in the winter so there is a 
comparative build up of the gas.
Traffic volume would normally be expected to vary throughout the year, with 
numbers generally higher in the winter, as people tend to use cars more due to 
bad weather. In an area such as Surrey, however, the bulk of car usage is for 
commuting purposes, thus numbers remain almost constant throughout the year. 
Given this, it would be expected that the traffic signal in the seasonal trends would 
be negligible. The more dominant influence is the rate of change in pollutant 
concentrations due to dispersion, with distance from the roadside, which is clearly 
evident in Figure 3.2. The seasonal patterns are also affected by meteorological 
variations throughout the year. The prevailing regional meteorology produces a 
neutral, and sometimes stable, boundary layer for most of the year. However, in 
the summer months, light wind conditions coupled with higher temperatures; result 
in a higher incidence of unstable, convective, boundary layer conditions. These 
unstable conditions encourage stronger turbulent dispersion, which suppresses 
pollutant build up. Thus, on average, summertime meteorology results in lower 
pollution levels. Therefore, it would appear that it is the combination of distance 
from roadside and the chemical and meteorological effects, which define the 
seasonal patterns in the NO2 levels.
The effect of traffic on the seasonal variations seems to be one of mitigation. The 
higher the concentrations of the pollutants, the smaller the seasonal trend appears 
to be. The Roadside patterns are most likely to be dominated by the dispersion 
effect. As the magnitude of the seasonal variations in NO2 at the Roadside sites is 
relatively small compared to the overall levels, the seasonal trend seems 
insignificant when viewed on the same scale as the Background sites. The
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dominance of the high concentrations in the Roadside data thus serves to 
camouflage the effects of the changing radiation patterns. Viewed separately, on a 
smaller scale, the Roadside sites exhibit the same pattern of high winter levels and 
low summer levels as the other categories; the pattern is just of a smaller 
magnitude.
Conversely, the primary influence on the pattern at the Background sites is the 
variation in sunlight intensity throughout the year, as the levels are very low. This 
results in a stronger seasonal trend in the data than with the other categories. The 
Intermediate sites show a trend somewhere between the others, reflecting the 
graduation between the two influences. Thus, the general pattern is determined by 
the effects of varying solar radiation throughout the year, whilst the magnitude of 
the variation is governed by the proximity to the traffic source.
3.5 Modes of interpretation
The interpretation of trends and patterns within the measured data is severely 
limited by the uncertainties associated with each of the measurements. Many of 
the trends presented above were only discernable because of the length of the 
time series collected. However, the data does clearly illustrate some patterns; 
most notably the general decrease in NO2 concentrations away from the road 
sources; and also the seasonal variations caused by the variations in the chemical 
processes.
The large numbers of sites within this survey also help with the reduction of 
uncertainty across the study. The high numbers of sites, coupled with the 
widespread spatial distribution of the sites also presents the potential for spatial 
analyses to be undertaken. The dataset provides an insight into the variations in 
NO2 concentration across the study area; and to how the temporal variations 
described in this chapter impact on these spatial patterns.
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3.7 Site distribution
One of the potential strengths of diffusion tube based monitoring studies is that the 
low cost of the devices enables many to be deployed concurrently. This provides 
a good spatial coverage of a wide area for many regions within the UK. Within the 
county of Surrey the 148 diffusion tubes used in the NO2 monitoring network are 
distributed as shown in figure 3.7.
Roadside
Intermediate
Background
r
15 Kilometres
Figure 3.7 Distribution of monitoring sites in Surrey in 1999.
The distribution of the sites across the county is clearly non-uniform, with respect 
both to overall distribution and to the division between different categories in 
different areas. There are greater concentrations of sites in the north of the 
county, reflecting the greater population density in this area. As the local 
authorities are required to monitor the levels of pollution in areas where it may 
affect human health, the more urbanised areas naturally have the greatest 
numbers of monitoring sites. Figure 3.8 shows the locations of all of the 
monitoring points within Surrey (the yellow shaded area) overlaid on a map 
showing urban areas. The majority of the sites throughout the whole county are
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within the confines of these urban areas, with perhaps only 2 sites being set up to 
measure a ambient rural background level away from the towns.
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Figure 3.8 Urban areas within Surrey
The varying distribution of the different categories of sites i.e. the predominance of 
Roadside sites in the northwest of the region, and of Background sites in the south 
east, is again clearly shown in Figure 3.7. This reflects the nature of the urban 
areas within the different regions of the county. In the northern areas there are 
large regions of urbanised land, much of it adjoining the urban conurbation of 
Greater London to the northeast. These areas are highly populated, and have 
heavily trafficked roads passing through them. The predominance of Roadside 
sites within these areas reflects the concerns that it is the proximity to these roads 
that is the greatest cause of exposure to air pollution for the populous in these 
areas. The greater frequency with which the monitoring sites are deployed in a 
Background location in the south and southeast of the county reflects the different 
concerns in these areas. Rather than the direct exposure to pollution at or near 
the roadside, the bulk of the population in the less urbanised areas is exposed to 
pollution that has been transported away from its source, and has undergone 
diffusive and chemical processes.
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The air pollution review and assessment process is carried out on an individual 
borough basis. The geographical limits are defined by political and historical 
frameworks, and therefore, impose an artificial set of limitations on the analysis. 
Each borough acts independently from the others, which results in non-uniform 
sampling strategies. This makes comparisons over a wide area difficult. The 
individual sampling sites are chosen by each borough to fit a series of criteria to 
meet the requirements of the review process. This ensures some level of 
comparability across borough boundaries, but the rules for site selection are open 
to some interpretation, mainly for practical requirements, so comparison between 
sites has to be carefully considered. The fact that the sites are positioned 
independently by the individual boroughs also results in a skewed distribution 
when the data are viewed on a countywide scale (Figure 3.7). This is influenced 
largely by the size and the relative urbanisation of the various boroughs. The more 
urbanised areas tend to have more sites (per borough) and, in the case of Surrey, 
these are also the boroughs with the smallest areas, hence the denser monitoring 
network in these areas.
When the data are processed locally, no factors from outside a borough are taken 
into consideration. In effect, the data are bounded by the geographical/political 
boundaries of each borough. A more realistic approach would be to consider the 
data sets as a whole, or as specifically selected subsets. For example, data could 
be selected in subsets according to similarities between the sites, e.g. all the sites 
positioned in high streets, or all those near roads carrying over 25,000 vehicles per 
day. By selecting subsets of the data, it would be possible to analyse for patterns 
with reference to external effects. It could then be ascertained whether the 
patterns observed were due wholly to the factors contained within the boundary, or 
if other sources were dominating that signal.
The councils were asked to provide grid references for each of the sites to 
facilitate, at first, a simple mapping of the data. They were also asked to provide 
more detailed site descriptions, including details of the surrounding buildings and 
foliage, and the general exposure of the site. In some cases, the sites were visited 
to ascertain a more accurate idea of the situation of sites. These visits produced 
some concerns as the sites often, whilst conforming to the regulations, were in
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situations deemed unsuitable for accurate measurements to be taken. In some 
cases, to keep the sites safe, they were ‘hidden’ from direct view, however this 
often meant that they were sheltered from the traffic source, and thus the 
measurements were likely to be unevenly affected.
3.8 Map generation
Once all the data had been collected, it was incorporated into a GIS package, in 
this case ESRI’s ArcView® software. The data were then overlaid on maps 
obtained from Ordnance Survey®, and boundary data from the EDINA 
UKBORDERS™ service. This provided a basic visualisation of the spatial 
distribution of the data, which immediately confirmed the uneven patterns across 
the county (see figure 3.7 and 3.8). The patterns in the data were then plotted 
spatially, and a spatial analysis tool (ArcGIS *^  ^ Spatial Analyst) was applied to 
produce a map of the general pollution levels across the county.
The map data were interpolated from the point sources by way of an Inverse 
Distance Weighted (IDW) interpolation method. This deterministic interpolation 
method is a local method that assumes the influence of closer points to be greater 
than that of more distant ones (Lindley & Walsh, 2005 and Chang, 2002). The 
general equation for IDW interpolation is:
i  '
i=l a .
1
7=1 Uj
Where: Zo is the estimated value at point 0
Zi is the value at the control point i 
dj is the distance between control point i and point 0 
s is the number of control points used in the estimation 
K is the specified power
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The power (K) expresses the weighting factor on the rate of change, with a power 
of 1 representing a constant rate of change; and higher powers representing a 
higher rate of change near the point that levels off away from the point (Chang, 
2002).
For the interpolations used for the mapping in this work a value of K=2 was chosen 
thus effectively using an inverse distance squared weighted interpolation method 
(Johnston et al., 2001). The specific forms of the IDW equations expressed within 
the GIS software are thus:
s
^0
/=1
where:
A
d . r ^
Ï s
- 2
z=l
j= l
As the distance becomes larger the weight is reduced by a factor of 2. The 
weights for the measured locations used are scaled so that their sum is equal to 1 
(after Johnston etaL, 2001).
The number of control points used in the IDW interpolations in this chapter was set 
at s=12, and a variable search radius was used. This type of search radius was 
selected due to the highly variable nature of the distribution of points within our 
study area. The use of a variable search radius enables the number of points 
used in each interpolation to be kept constant throughout the whole area (McCoy & 
Johnston, 2001).
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Figure 3.9 interpolation preparation in GIS
Figure 3.9 shows a screen shot of the selection window for IDW preparation within 
ESRI’s ArcGIS '^  ^ Geostatistical Analyst tool for the dataset used to generate 
Figure 3.11. The point being highlighted for interpolation is at the centre of the 
circle, and the coloured points represent those chosen from the dataset for the 
calculation of that point. The colours of these points show the proportion of the 
weighting attributed to each of the points: with red representing greater than 10%; 
brown between 5% and 10%; and yellow between 3% and 5% in this case. This 
view highlights the large variations in the nature of the points used for interpolation 
caused by the irregular distribution of the sites across the study area.
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G eostâtistical W izard  IDW Interpolation: Step 2 of 2 Cross Validation
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Figure 3.10 Comparison of predictions at know points
The Geostatistical Analyst tool performs a self check during the interpolation 
procedure as displayed in Figure 3.10. This uses interpolated points to 
retrospectively calculate the values for the known points, and enables a measure 
of error for the calculated surface to be derived for each interpolation. Using these 
parameters, the pollution map displayed in figure 3.11 was calculated with 
prediction errors as:
mean error: Q.48ppb
root-mean-square error: 
from 139 samples
5.07ppb
based on a calculation performed using ESRI’s ArcGIS™ Geostatistical Analyst 
tool.
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3.9 Initial pollution maps
The data were plotted for different groupings of data for purposes of comparison. 
Initially all data points were considered as shown in Figure 3.11.
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Figure 3.11 Distribution of NO2 across Surrey.
This preliminary result was based on the raw data sets, and thus no allowance was 
made for the unevenness in the spatial pattern other than that inherent to the IDW 
interpolation scheme. It did, however, illustrate the general pattern found in all of 
the spatial plots. There were higher levels of NO2 in the northern areas compared 
to the south, and similarly decreasing trend from east to west (especially within the 
northern reaches of the study area). This was expected, as the northern areas of 
the county are more densely populated than the south, and the proportions of 
Roadside sites are higher in the north, and northwest. The locations of the 
different categories of sites within the study area are not evenly divided; therefore 
the variations across the surface shown in Figure 3.11 are caused by a 
combination of the physical distribution of the sites, and of the divisions between 
classes. This makes it virtually impossible to reliably attribute any feature on the
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interpolated surface to a particular factor. To ameliorate the distortions possibly 
caused by the imbalance in the proportions of sites across the area, the data were 
then plotted by class. Figure 3.12 shows the patterns produced when the 
Roadside data were analysed using the same method as for the global set.
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Figure 3.12 Distribution of Roadside NO2 across Surrey.
The error statistics for the surface generated for figure 3.12 were;
mean: O.IOppb 
root-mean-square: 
from 63 samples
6.49ppb
There are significant differences between the pollution levels shown in Figures
3.11 and 3.12. The surface in Figure 3.12 has large areas with elevated values 
compared to Figure 3.11 due to the reliance on only the Roadside sites for the 
initial data. A general pattern of less distinct changes across the area is visible in 
Figure 3.12 as there are larger areas where values are interpolated from purely
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distant points, and thus the weightings are quite low in these areas. Some 
individual points do however stand out where very high levels are recorded, with 
no near neighbouring points to smooth the interpolated values nearby. The use of 
just the Roadside data effectively reduces the amount of information, and therefore 
detail, available to the computer for the interpolation. The surface produced can 
be used to highlight the problems caused by the unevenness of the data 
distribution. Any interpolation method by design essentially fills in gaps in a data 
set. If the data set is unevenly split, then the interpolation must vary in its 
calculation to compensate. This produces a surface that has variations in 
uncertainty throughout its area.
The general patterns and levels of NO2 across the mapped areas compare 
favourably with modelled data presented in Stedman ef al. (2002). The estimated 
annual mean background NO2 levels for 2001 highlight an area of elevated values 
(in excess of 40pgm'^ or 21ppb) that coincide with the elevated pollution levels in 
the north of the mapped area in Figures 3.11 and 3.12. The pattern of pollution 
from the modelling also suggests a general decrease southwards throughout the 
area as the dominance of the major road sources reduces. Roadside NO2 levels 
are modelled to be high around the regions motorways, with especially high values 
around the M25 and M3 motorways (Stedman et a/., 2002). In this the interpolated 
mapping from the diffusion tube measured NO2 data scores some success in 
presenting similar results to modelled data for a similarly wide area, but with far 
fewer calculation steps involved. However, in areas with few measurements, the 
mapped air pollution levels are dominated by those measurements, producing a 
potentially false picture of the area’s pollution. This limitation is brought about by 
the current distribution of monitoring points throughout the study area, and was a 
primary reason for the study presented in chapters 5 and 6 of this thesis.
The NO2 diffusion tubes data collected from throughout Surrey thus present 
various challenges to the utilisation of interpolation based mapping. The causes of 
these challenges, and potential implications and improvements were studied in the 
next phase of this work.
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3.10 Summary
The data collected from the nitrogen dioxide diffusion-tube monitoring network 
within the county of Surrey was analysed; firstly for mean values and temporal 
trends; and then spatially using interpolated mapping techniques. The mean and 
temporal trend analyses showed the ability of the dataset to capture patterns when 
viewed over a long time period, but also highlighted the difficulties associated with 
the individual measurement uncertainties.
The spatial presentation of the data highlighted the overall patterns of NO2 
distribution across the study area. The interaction of the interpolation methods 
employed to generate the maps, and the nature of the dataset introduces varying 
levels of uncertainty into the mapping procedure depending upon how the data is 
compared. These issues are addressed in the following chapters; with potential 
methods to reduce the uncertainty, and thus improve the mapping being 
developed.
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Spatial-Temporal Patterns and Projected 
Data
In this chapter temporal variations within the spatial patterns are investigated, with 
particular emphasis on the seasonal variations. The mean monthly measurements 
presented in Chapter 3 Figure 3.6 were attributed largely to the interaction 
between source to receptor distance, and the variations in the available energy for 
photochemical reactions throughout the year. These variations are analysed with 
respect to the spatial patterns of pollution within the dataset; and then presented 
as monthly mean maps. The inter-comparison of different categories of 
measurement site is then addressed; with the problems of performing interpolated 
mapping being addressed with respect to the variations in data collection 
categories. A technique for viewing improved comparisons is presented and 
assessed.
The distribution of the monitoring sites is then assessed with respect to the 
geopolitical constraints imposed upon it by the nature of the current monitoring 
study. The implications of this method of site selection on the nature of the data 
interpretation, and the potential effects on air quality management decisions, are 
then discussed.
Spatial Aspects of Regional Air Pollution Monitoring Page 64
Chapter 4 -  Spatial Patterns and Projected Data
4.1 Seasonal variations
In the previous chapter data were presented with respect to seasonal trends in the 
pollution levels throughout the county of Surrey. These were shown to vary from 
high levels in the winter months, through to depressed levels in the summer. The 
patterns were shown (in Chapter 3 Figure 3.6) to vary in magnitude dependent 
upon the site category assessed.
The spatial component associated with the dataset, coupled with the relatively high 
levels of certainty attributable to the monthly mean values, enable a series of 
pollution maps to be generated for the monthly mean NO2 levels throughout the 
county (Figures 4.1 through 4.12). These interpolated maps were interpolated 
from the complete data set (as for Chapter 3 Figure 3.11) using the described IDW 
interpolation method. The complete data set was used to enable as many points 
to be available for the interpolation as possible, thus displaying the whole of the 
measured data.
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Figure 4.1 Mean NO2 distribution for November in Surrey
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Figures 4.1 through to 4.4 represent the pollution distribution for the mean monthly 
values for the winter months; those with the highest mean NO2 levels. The 
prevailing pattern throughout the four maps is similar to that of the overall map 
presented in Chapter 3 Figure 3.11, with high values to the north of the county 
(marked High Area 1 on Figure 4.1) and in a band extending north-south in a 
position slightly to the east of the centre of the maps (marked High Area 2 on 
Figure 4.1). These areas represent those with the greatest concentrations of large 
roads, such as the M25 London orbital motorway to the north, and the M23 
motorway within the north-south band (see Chapter 3 Figure 3.7 for overview of 
major road layout).
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Figures 4.2 Mean NO2 distribution for December in Surrey
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Figures 4.3 & 4.4 Mean NO2 distribution for January and February in Surrey
The high area to the north of the map remains throughout the sequence, only 
varying slightly in extent. The north-south pollution band that is especially visible 
in the December map is less persistent, reducing in extent and magnitude quite
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markedly from December to February. The south western area of the map has a 
small area of high pollution centred on one of the county’s towns, surrounded by a 
large area of low pollution levels. This is indicative of low levels of urbanisation 
due to the presence of the North Downs (a range of hills running from east to west 
through this area). This low level of urbanisation affects the whole of the southern 
edge of the map, with generally low levels of pollution predominating.
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Figures 4.6 & 4.6 Mean NO2 distribution for March and April in Surrey
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Figures 4.7 & 4.8 Mean NO2 distribution for May and June in Surrey
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Figures 4.9 Mean NO2 distribution for July in Surrey
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Figures 4.5 through 4.10 show the spring and summer months. The area of high 
pollution levels to the north of the county remains throughout all of these monthly 
mean pollution maps; however the strong north-south feature weakens initially, 
and is almost completely absent from the June, July and August plots (marked 
Diminished Levels Area on Figure 4.10).
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Figures 4.10 Mean NO2 distribution for August in Surrey
Another strong feature that is present in all of the maps, but that is more distinct in 
the spring and summer maps due to the lower surrounding values, is a small area 
of high pollution values in the extreme south west of the county (Marked Isolated 
High on Figure 4.10). This measurement is taken near a crossroad at the town of 
Hindhead that forms a major congestion point on the county’s major A-road, the 
A3. At this congestion point the road carries between ten and twenty thousand 
cars per day (Surrey County Council, 2000), many of which queue in either 
direction approaching the crossroad. This demonstrates the elevated levels of
Spatial Aspects of Regional Air Pollution Monitoring Page 68
Chapter 4 -  Spatial Patterns and Projected Data
pollution caused by idling engines, which are running below their optimum 
efficiency.
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Figures 4.11 & 4.12 Mean NO2 distribution for September and October in 
Surrey
Figure 4.11, the mean surface for September shows a rapid return to the pattern of 
the winter months; and actually has an even stronger north-south band feature 
than the October plot shown in Figure 4.12. This is reflected in Figure 3.5 in 
Chapter 3 where a distinct ‘spike’ is visible for September in all categories.
(Figures 4.1 to 4.12 are included in the Appendix B in a larger format for clearer 
viewing.)
These variations in the patterns of NO2 pollution throughout a mean year have 
several possible explanations; linked directly to both the causes of the monthly 
variations themselves; and to the uneven distribution of the different categories of 
sites across the region. The general pattern of NO2 pollution levels, with high 
winter values and depressed summer values follows that presented for the overall 
time series in Figure 3.6 in Chapter 3.
The differences in the magnitude of the variations within different areas of the map 
have several different possible explanations. In the northern area of the map with 
high annual mean values and consistently high levels of NO2 for all months, there 
are many large roads and the area is heavily urbanised. In these areas the greater
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proximity of the sources of the pollution reduces the impact of the physical and 
chemical processes that serve to reduce NO2 levels away from the roads. Even in 
these areas with the strongest source influence there are higher levels in the 
winter months, caused by the more stable meteorology and reduced incident solar 
radiation enabling the pollutant to remain in the atmosphere for longer; thus 
building up to elevated levels.
The large variations in pollution levels, and in the distribution of the pollution, in the 
area described above as the north-south pollution band are likely due to a different 
combination of factors. The strong north-south pollution band evident in the winter 
months potentially represents the build up of pollution from sources such as the 
M23 motorway enabled by the favourable conditions. In the summer months the 
signal from these sources is not able to be detected due to the more rapid 
dispersion and photolysis of the NO2. In the areas of the county away from the 
northern sector the pollution levels are more akin to the overall background 
pollution trends due to the lower levels of urbanisation and road usage. The 
monitoring sites are generally more widely spread out which tends to emphasise 
the background trend as the distances from major sources to the receptors are 
generally greater.
This leads to a possibility that the distribution of the monitoring sites can affect the 
ability to extract useful spatial information. In the case above the monitoring sites 
used for the interpolation are non-uniform in their distribution; both in respect to the 
evenness of their geographical spread, and to the split between the various 
categories (Roadside, Intermediate and Background). This non-uniform 
distribution Is clearly visible in Chapter 3 Figure 3.7. Both of these divisions cause 
potential for the data interpretation to suffer. The geographical unevenness 
perpetuates across all of the categories, but with different patterns. The Roadside 
sites are most frequent in the northern area of the study, with a sparser distribution 
in the south and east. The Background sites are more frequent in the eastern 
portion of the area, and along the north-eastern edge nearest to London. The 
different distributions of the categories potentially introduces discrepancies into the 
mapping procedure. As the variations across the seasons are more distinct in the 
Background sites; there is potential that the greater variations throughout the
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seasonal maps in the south east of the area is due to the greater proportion of 
Background sites; thus the pattern may be distorted in favour of this one category.
4.2 Improved comparability of points
The ability of the pollution maps to accurately represent pollution levels across a 
wide area is dependent upon the availability of a large number of like points. The 
greater the given number of points, the greater the amount of detail that is able to 
be resolved in the maps. The maps produced in Chapter 3 for Figures 3.11 and
3.12 use two different approaches to the data comparison. Figure 3.11 uses the 
complete data set, which provides the greatest number of points for comparison; 
but potentially suffers from the same uncertainties as described for the monthly 
maps. Figure 3.12 uses only the Roadside points for the interpolation scheme. 
This reduces the uncertainty introduced by the different patterns collected from the 
different sites categories; but in doing so greatly reduces the number of points 
available for the interpolation. This was reflected as the increased root-mean- 
squared error for the map surface generated for Figure 3.12.
The Roadside data produce a similar pattern to the full data set, but with overall 
higher levels and with a smaller gradient across the study region. To produce a 
more detailed pattern of Roadside NO2 levels, a larger data set was needed. It 
was not possible within the time constraints of this study to deploy more monitoring 
points; hence another method had to be devised. The potential for improved data 
comparability if all the current monitoring sites were to be migrated to Roadside 
positions would be a very useful measurement, as this would be by far the simplest 
practical redistribution of sites.
Currently the monitoring points are shared out across the three distance-from-road 
based categories. The use of the measurements to produce mapped surfaces 
results, in the case of Surrey, in the maps shown in Figure 3.11. The interpretation 
of the information provided by these maps is hindered by the various uncertainties 
inherent in both the measurements, and the interpolation of the map surface. 
Some of the uncertainty from the measured values is caused by the different 
performance of the diffusion tubes in the various situations. There is a systematic
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difference between diffusion tube performance at the Roadside and Background 
sites due to effects of ambient NO2 concentrations on uptake rates and reactions 
within the tubes (AQEG, 2004). Thus comparisons of different categories of 
monitoring sites within the mapping environment introduces yet another area of 
uncertainty: that is the variations in uncertainties at the different measured points 
used in the interpolation. Were all the monitoring sites deployed within the same 
category, the uncertainty due to the effect of the ambient NO2 concentration could 
be treated as uniform across the map area. This would enable maps of either 
Background or Roadside NO2 to be interpolated, rather than the mixed case as in 
Figure 3.11.
To replicate this redeployment of monitoring within the GIS a method of projecting 
the measured points to Roadside levels was devised. This enabled an 
assessment of the likely improvements to the accuracy and certainty of the 
interpolated maps generated from a Roadside only dataset to be made.
4.2.1 Method for projections
The method used for the data projections was based on a combination of results 
from both measurements, and from outputs from computer based modelling. The 
data were normalised to values representative of Roadside measurements for 
each site, using a weighting system for each of the categories. The weightings 
used for the normalisation were developed from the mean values of each 
categorised set, and comparisons with datasets derived from work for both 
numerical studies by Lim et al. (2001) and Lim (2004), and from an interaction 
matrix technique by Mavroulidou et ai. (2001). These studies utilised dispersion 
modelling as an integral piece of the workings of the systems developed. Lim 
(2001 & 2004) used ADMS-Urban as an integral part of a tool which enabled 
automation and integration of several tools used in air quality assessment: the 
dispersion model, a traffic model and a GIS output. The interaction matrix 
technique developed by Mavroulidou et ai. (2001) presented a method for 
calculation of various effects of air pollution, based on the interaction of different 
factors within a matrix. This is potentially a very powerful method as it can 
integrate factors beyond those that can be directly parameterised, such as 
psychological impacts of different pollution situations. In its development the
Spatial Aspects of Regional Air Pollution Monitoring Page 72
Chapter 4 -  Spatial Patterns and Projected Data
various aspects of the air pollution in the study region had to be parameterised, 
and the data for this were taken from outputs from dispersion modelling using 
ADMS-Urban.
For each category of site (Roadside, Intermediate and Background) a weighting 
factor was developed based on a group distance from a road source of a given 
magnitude. It was not possible to generate a weighting for each site based on 
exact distance as the location details did not provide this information to enough 
accuracy for every site. Also, the weighting parameters were by necessity 
developed from an averaged set of criteria, therefore the level of accuracy 
provided by using a group distance was within the uncertainty of the weighting 
technique. The group distances assigned to the categories, based on the known 
field positions, were:
Roadside -  3m from major road
Intermediate -  25m from major road
Background -  60m from major road
The data from the modelling studies in (Lim et al., 2001, Lim, 2004 and 
Mavroulidou et al., 2001) were then interrogated to generate a series of average 
pollution gradients perpendicular to the road sources from which the projection 
weightings were generated. The magnitude of the traffic sources for the roads 
used in the calculations were derived from the Surrey County Transportation 
Model (CTM) (Engineering Consultancy Division & Scott Wilson Kirkpatrick, 1996). 
This model represents the road network within Surrey as a series of nodes 
representing the road intersections, and presents the traffic flow levels between 
the nodes in each direction. Within the Surrey CTM there are approximately 5200 
nodes and more than 15,000 road links (Fanstone, et al., 2000). Traffic levels for 
the major roads adjacent to the monitoring sites from the Surrey network were 
ascertained from the CTM using 1995 as the base year for the traffic counts, and a 
series of model outputs were generated for comparison. The model outputs were 
then interpreted for this study as a set of pollution gradients away from sources of 
varying magnitudes. The range of sources was chosen from the CTM to reflect the 
range of pollution values that would be found within this study area. From these
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the weightings used to project the data were generated from a calculation of the 
mean rate of change between each category. The weighting was then applied to 
each individual site as a multiplying or dividing factor, operated upon the site’s 
mean measured value, dependant upon whether the site was being projected 
closer to the Roadside or further away from it.
4.2.2 Validation of method
The resultant pollution values were then plotted against the target annual mean 
value (21 ppb) for comparison with the original unprojected data distribution (Figure 
4.13). The sites are separated into the three categories for ease of comparison 
with the projected data shown in Figure 4.14.
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Figure 4.13 initial distribution of data by category
Figure 4.13 shows a scatter plot of the measured annual mean NO2 levels from the 
measured data sets compared against the 21 ppb annual mean target value for 
ease of reference. Each category’s grouping, whilst showing considerable 
variation, show a distinct overall decrease with category as distance from source 
increases.
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Figure 4.14 Projected distribution of data by category
Figure 4.14 illustrates the data displayed within the same original category 
groupings, but with the Roadside weightings applied to the data. The spread of 
the data is now much more uniform across the different categories. The 
weightings are also applicable to project the data to Background values, producing 
a similar overall shift in the pattern, but in a downwards direction. Weightings were 
not derived for the Intermediate category as this class is now being made 
redundant.
All Values in Table 
are in ppb NO2
Measured Mean
(Standard
Deviation)
Projected
Roadside
(Std Dev)
Projected
Background
(Std Dev)
Roadside 21.2 (5.6) N/A 14.0 (3.7)
Intermediate 17.9 (3.9) 21.1 (4.6) 13.9 (3.1)
Background 13.7 (3.8) 20.8 (5.8) N/A
Table 4.1 Comparison of measured and projected mean va ues
Table 4.1 shows the mean and standard deviation values of each of the category 
means for both the measured and projected data. The mean values for both the 
Roadside and Background projections are within O.Sppb of the measured means in
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each case. The variation in the datasets (shown as the standard deviation for the 
grouping in Table 4.1) is similarly constrained, with the measured and projected 
Roadside values exhibiting a greater degree of variation than the comparable 
Background groups. This similarity between the measured and projected datasets 
allows a degree of certainty to be associated with the use of the projected data in 
the mapping of single category pollutants.
4.2.3 Projected data mapping
From the projected Roadside sites generated using the weightings a new roadside 
pollution level map was generated within the GIS using the same IDW interpolation 
scheme as before (Figure 4.15). This assessment was achieved by projecting the 
concentrations, at all the Intermediate and Background sites, to simulated 
Roadside positions, which created a greater average site population density 
across the area. This increased number of "Roadside" sites produced a pattern, 
which was then compared with the original data, as it had the same physical 
coverage.
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Figure 4.15 Map produced from projected Roadside sites
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The use of the projected data allowed the comparison of similar sites across the 
county. This enabled more realistic comparisons of levels between sites to be 
made, and an overall Roadside air pollution map to be drawn (Figure 4.15). When 
this is compared to the original situation with just 63 Roadside sites (Figure 3.12), 
clear differences emerge. The areas over which the very high levels are mapped 
are somewhat smaller in the projected data; however the overall mean for the 
surface is higher. This is caused by the extra detail available from the projected 
maps, which produce more constrained hot spots. The same hotspots found in the 
un projected data are still visible, and some new areas are suggested.
From these maps it is clear that whilst the overall patterns are similar, the 
magnitudes are clearly different. This indicates that conclusions can be very 
sensitive to quite minor variations in the way in which the raw data are 
manipulated, such as just displaying the data from one section (the Roadside data) 
of the survey. More drastic changes, such as the inclusion of the projected 
Roadside sites produce different changes to the patterns, mainly in the level of 
detail, but also in the position of high and low pollution areas. The data should 
thus be treated from a qualitative point of view, rather than a quantitative one. In 
other words, the data are most useful in showing areas of high pollution, rather 
than the absolute levels.
4.3 Discontinuous data collection
This method of projecting the data to simulate enhanced comparability between 
points produces improved detail in the pollution maps produced from its use. 
However, there is still a great degree of variation in the spatial distribution of sites 
across the whole of the monitoring area.
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Distribution of Monitoring Sites by Borough
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Figure 4.16 Distribution of monitoring sites within borough boundaries
(colours of the marked points are chosen to distinguish points in adjacent 
boroughs)
The requirements of the national NO2 monitoring survey results in pollution 
monitoring in the UK being carried out largely by the local authorities. In the case 
of Surrey this falls to the eleven borough councils that comprise the county. The 
boundaries of these boroughs are dictated by geopolitical and historical factors. 
Figure 4.16 shows the positions of the monitoring sites imposed over the outlines 
of the borough boundaries. The variations in the areas of the boroughs alone 
would produce a variation in the nature of the overall pattern even if all of the 
boroughs maintained the same number of monitoring sites. The boroughs 
however each maintain a different number of sites dictated by how their region fits 
within the requirements of the air pollution regulations. As the regulations all relate 
to human exposure, the boroughs with the greatest levels of population (c.f. urban 
areas shown in Chapter 3 Figure 3.8) will generally deploy the greatest number of 
tubes. This is evident by the generally greater number of tubes deployed by the
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borough authorities in the northern areas of the county. Similarly, the monitoring 
sites tend to be clustered around urban centres, most obviously in the less 
urbanised boroughs in the south of the county.
Even in the most densely monitored boroughs, to the northwest of the county, the 
relatively even spatial coverage within the borough area produces a clustering of 
points when viewed on a countywide scale. This unevenness of coverage across 
the area as a whole, and within the individual borough areas, carries a penalty for 
the potential application in interpolated mapping: that is the certainty in the map 
surface produced will vary across the area being mapped. This produces maps 
that are limited in their ability to be compared to other areas as the relative levels 
of certainty will be different.
The boroughs utilise the data they collect from their portion of the survey as the 
basis of their air quality review and assessment exercises. The reliance on only 
the data from the individual borough effectively constrains the view of the regions 
air pollution to the small dataset utilised. Figure 4.17 illustrates a selection of the 
individual borough datasets mapped only within the borough constraints. Each 
mapped area has different levels of certainty associated with the mapped data. 
This variation is produced in part by the uneven distribution of monitoring sites 
within the different boroughs, and also by the number of sites available for the 
interpolation in each case. The IDW interpolation scheme applied for this mapping 
utilises a maximum number of nearby points for the calculation, in this case set at 
12 points as in the whole data set interpolations. Only the eastern most borough in 
the county has more than the maximum number of points available, therefore the 
other values will be calculated from a fewer number of points thus increasing the 
variability of the certainty of the different map surfaces.
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Pollution Maps From Borough Datasets
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Figure 4.17 Pollution mapped to borough boundaries
Figure 4.18 shows the borough by borough mapping applied to all eleven borough 
datasets. The overall pattern of pollution, with high values to the north of the 
county, and lower values to the south and east, is similar in appearance to that of 
the overall dataset (shown in Figure 3.10). The limitations imposed by the borough 
boundaries, and by the limited datasets available for the interpolations, however 
produce some significant differences; especially at the intersection of the 
boundaries. Where one borough has a monitoring site, or several monitoring sites, 
with high observed pollution levels adjacent to a section of another borough with 
low levels distinct discontinuities at the boundaries are observed. This is 
especially evident around the borough west of the centre (Woking Borough 
labelled on Figure 4.18) that is completely surrounded by other areas. This 
borough is highly urbanised and most of its sites have high pollution values 
producing a mapped surface with high levels. Each of the surrounding areas' 
mapped surfaces produce discontinuities of varying magnitudes. The borough to 
the north west (Surrey Heath Borough labelled on Figure 4.18) has a similarly high
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level of coverage across its area (c.f. Figure 4.16), and the resulting discontinuities 
at the boundaries are small. The most obvious difference is with the borough 
immediately to the south where the wide spacing of the monitoring sites produces 
a map surface highly reliant upon few very disparate points for its creation.
Discontinuities at Borough Boundaries
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Figure 4.18 Discontinuous mapping produced by dataset isolation
Across the whole of the county area the most distinct discontinuities at the borough 
boundaries are observed where a mostly interpolated surface from one area 
coincides with an area with many measured values in another. This highlights the 
potential discrepancies between the nature of the pollution distributions that the 
individual boroughs are observing from just their own data, and that of the pollution 
distribution suggested by the overall dataset. The nature of the constraints upon 
the study areas imposed by the borough boundaries does not accurately reflect the 
behaviour of atmospheric pollution across an area. However, even if the boroughs 
were to utilise data from the surrounding areas in their studies, the difficulties 
imposed by the uneven site distribution would still be prevalent.
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4.4 Summary
The distribution of monitoring sites within the study area, both as an overall 
geographical spread, and the variations between the various categories, present 
challenges to the spatial analyses based on these data. The points, when 
compared only to the other sites in the specific category, are very sparsely 
distributed in some areas, and very densely in others. This introduces the 
potential that some localised pollution features may be more predominant than 
they should be, due to their effect on more than one data point. With the 
interpolations relying on the nearest points, this type of effect is amplified.
The projected datasets illustrated above represent a method for comparison of 
maps of similarly positioned sites. This technique illustrates the improved detail 
available from a greater number of directly comparable sites; however, the 
problem of localised influences still remains. This is especially true for areas with 
high densities of monitoring points. Ideally the monitoring sites would be 
distributed in such a way to reduce this localised effect, or dependency (Haining, 
1990), thus minimising the variations in uncertainty across the map surface. The 
following work represents an investigation into the optimum distribution of 
monitoring sites for the purposes of interpolated mapping of NO2 air pollution.
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Techniques and Tools
This chapter presents the development of the tools and techniques used to assess 
the potential redeployment of NO2 diffusion tubes. The overall aim of the project is 
to produce consistently repeatable and comparable mapping from interpolated 
monitoring data. In this chapter the different possible distributions available for 
deploying the diffusion tubes for future mapping are investigated. The ability to 
conduct this investigation within a computational environment required the 
development of several new computational tools together with the derivation of the 
requirements for these tools. The construction and application of these tools are 
detailed within this chapter. The tools are then tested along with a first phase 
study comparing regular gridded monitoring schemes with selectively placed 
monitoring. The two different schemes are assessed as to their suitability for 
producing comparable maps from different areas. The following flow chart 
(Flowchart 5.1) details the logic of the progression of this phase of the study;
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Chapter 6 - Optimisation study
Selection of regular grids -  with justification regarding advantages 
for mapping purposes
Development of tools to generate sampling schemes on demand
Types of monitoring to be tested -  and criteria against which their 
success will be judged
Comparison of different monitoring schemes’ performance when 
applied to progression of basic patterns, up to and including town 
and roads with intelligent grids
Initial test scenarios - Development of tools to generate maps from 
which sampling can be taken, and generation of test scenarios
Flow Chart 5.1 Progression of requirements for Chapter 5 work
5.1 Introduction
Diffusion tube based monitoring is widely deployed in the UK, especially in the 
monitoring of NO2. The ease of deployment of such systems, coupled with their 
minimal financial burden has resulted in large numbers of monitoring points being
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established across much of the UK. This wide area coverage presents the 
opportunity to extract information from the data collected that would enable spatial 
analyses to be carried out.
One of the opportunities presented by the collection of spatially referenced data is 
the ability to derive maps of the variable measured: that is, to display variations 
between points as a continuous field. To produce a map, in this case of NO2 levels 
across an area, from a set of discrete points, requires the ability to interpolate 
values for the spaces between the measured data. For all the various techniques 
available (e.g. Inverse Distance Weighted; Spline; Krigging) the interpolation has 
an ideal set of criteria for the distribution of points for comparison, i.e.:
the greatest possible number of original data points should be used: this 
improves the accuracy of the interpolation by providing the greatest 
number of known values
the data points should be as close together as possible: for all 
interpolations this minimises the uncertainty for the interpolated values as 
this increases away from known values
The nature of the data currently collected from even the most densely populated 
study however, results in sparse and uneven data coverage. Many efforts to map 
air pollution have thus utilised dispersion modelling in an effort to overcome this 
sparsity of data derived from field experiments (Atkins & Lee, 1995 & Hargreaves 
et al., 2000). Other studies have used regression based algorithms to infer the 
variations in pollution at points away from the measured data (lonescu eta!., 2000 
& Briggs at a!., 1997). All of these techniques essentially produce data analogues 
that are then used as the basis for the interpolations. This introduces an extra step 
in the derivation of maps from the observed data, and by the nature of the 
methods, an extra element of uncertainty.
Ideally the extra steps in the above mentioned studies would be eliminated, with 
maps generated directly from suitable field data. The possibility of tailoring a 
monitoring scheme in the field to produce data conducive to direct mapping
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requires all of the above mentioned requirements to be addressed, and the 
resultant schemes to be tested. Whether it is possible to produce a suitable 
scheme; whether one type of scheme has advantages over another; and whether 
any such scheme is practicable to use in a “real-world” application is the essence 
of this study.
5.2 Study derivation and progression
The nature of current NO2 diffusion tube monitoring presents several challenges to 
any mapping exercise:
• lack of similarity of individual points; whether any two points can be 
reasonably compared is a prime requirement for any mapping. If the points 
differ in character too greatly then the comparisons required for the 
interpolation can become dubious
• uneven distribution of points; the position of the different points in a study 
relative to one another spatially is irregular which results in variations in 
how the interpolation schemes used handle the derivation of different 
points.
These challenges are compounded when the aim is to create maps from different 
areas that are comparable to one another. Variations that are not limiting for one 
study area may adversely affect comparisons in another. Thus any strategy 
designed to enable pollution maps to be created from monitoring data, and 
compared with some degree of certainty in the mapped data, must be applicable to 
any area to be studied.
To address the question whether it was possible to provide an optimum or best 
practice deployment strategy for NO2 diffusion tubes, with regards to spatial data 
capture, a series of studies were undertaken. A way of representing the real-world 
sampling in a hypothetical environment had to be devised and tested. Also a 
method for quantifying the differences between patterns (both observed and 
sampled) had to be devised.
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To enable a comparison between different sampling strategies to be made, an 
efficient and repeatable technique was required. A way of representing air 
pollution and the diffusive sampling was required, along with a tool to enable 
comparisons to be made. The nature of this tool would be dictated by the 
constraints of the study, and of the environment within which it was operated. The 
tool would have to present a proposed distribution of diffusion tubes across an 
area, and assess the worth of that distribution for developing maps.
To accurately map air pollution across a range of spatial scales would require the 
monitoring criteria, which effectively constrain some of the uncertainties within the 
sample, to be very stringent: perhaps prohibitively so in a real world application. 
Within a hypothetical environment however, it is possible to constrain the different 
elements of a monitoring strategy to such an extent as to allow us to look at each 
one separately. In practical monitoring exercises it is impossible to govern the 
very small scale variations of location of monitoring points, such as the exact 
height of a station or its displacement from a structure, whilst allowing for the 
intrinsic differences between locations. For large scale mapping of the air pollution 
across a region, for example a UK county, it is more reasonable to dictate the 
overall layout of the monitoring points; with emphasis on minimising variations from 
a central strategy.
The nature of a 'central strategy' for the wide area distribution of NO2 diffusion tube 
monitoring designed explicitly to produce mappable data is the overall target of this 
study. Within the hypothetical environment, sets of sampling criteria must be 
tested to assess which would produce the optimum results to be used in a 
mapping exercise. The use of the term ‘sampling criteria’ in this study is 
representative of the imposed distribution of monitoring points in the testing 
environment.
Development of monitoring strategies would require testing numerous different 
possible sampling criteria, and assessing them against one another. To 
experiment with this in the field would be an extremely costly and time consuming 
venture, thus a GIS-based system, similar to the one used in the initial work in this 
study, was devised to consider the possible options. For this exercise ESRI’s
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ArcView 8.2 (part of the ArcGIS 8.2 package) was selected as the GIS software for 
the operating environment.
When sampling across a region it is necessary to consider many factors. The 
most important of these is the location of the pollution sources across the region. 
In the case of NO2 these sources are primarily the exhausts from motor vehicles: 
thus the spatial extent of the source will be largely governed by the layout of roads 
across an area. A detailed air pollution study would need to register the pollution 
emitted from these sources, and also to pick up the area of influence of the source.
The other main consideration is one of scale. If the requirement of the survey is to 
produce an accurate map of the air pollution across an area, then the size of the 
area, and the desired accuracy have to be considered together. It is clearly not 
feasible to monitor pollution down to metre accuracy, so what is the ideal scale to 
capture enough detail whilst minimising the required resources? The local scale 
air pollution studies, upon which the local authorities’ air quality management 
exercises are based, use monitored data to target-in detailed computer modelling 
of the air pollution in a small area. These produce air pollution maps that are very 
detailed in nature, which thus tend to highlight the road sources within that area. 
These model based studies illustrate the small scale variability in NO2 levels due to 
source emissions. To attempt to target this level of detail with the diffusive 
monitoring network is clearly unreasonable, across anything but the smallest 
areas, so a broader scheme must be adopted.
For this study the test scenarios were constructed to be comparable spatially with 
the borough of Guildford, to enable comparison with the earlier work. This area 
has been intensively studied, as its lack of industrial sites makes it an ideal 
location for studying traffic derived air pollution. It also forms the background for 
several contemporary air pollution studies (Lim et al. 2002, Cowan et al. 2001 & 
2002, Mavroulidou et al. 2001).
A series of test scenarios, or pollution fields, were developed against this base 
situation, representative of many possible situations within an area of the 
prescribed size. The scenarios were designed to be an abstract representation of
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a pollution field across the area, with values in parts per billion volume (ppb) 
similar to those found in the field. Due to the large area represented in the study, 
only the largest roads, and urban centres, were represented in detail in any of the 
initial scenarios. The preliminary situation represented an area free of individual 
sources, an even value everywhere (Figure 5.1), to test whether the schemes used 
to sample from this were picking up the values correctly. From this a series of 
progressions were made to a situation representing an urban centre, with two 
crossing main roads and a ring road (Figure 5.4).
5.3 Development of pollution maps
The studies of sampling patterns for air pollution data in a GIS required a form of 
pollution analogue to be developed. This resulted in the test scenarios described 
above, and in the more realistic scenarios described section Chapter 6. The 
scenarios in all cases are designed as representations of the varying levels of 
pollution across an area. They are analogous to pollution as they represent the 
pattern of variations in air pollution across an area that the monitoring schemes are 
attempting to discern. An ideal monitoring scheme would produce a map, when 
the data collected from it were analysed and interpolated, which would be 
indistinguishable from the original analogue.
The scenarios were generated through application of Fortran 95 routines written 
specifically for this task. These produced a series of coordinates coupled with 
individual pollution values varying in a specified manner to produce the scenario 
that was to be sampled. The routines could be tailored through the development 
of the source code to generate scenarios representative of any envisagable 
pollution situation. Each of these routines produced tens of thousands of individual 
data points that could be incorporated into the GIS to generate the scenarios. 
Fortran 95 was chosen as the language to write these routines due to its strength 
as a numerical programming language, and the ability to write reliable compact 
code that facilitated a rapid development of the tools (Press et a/., 2002).
For this work the editing/compilation environment used was Salford Software’s 
Plato 2 suite. The input parameters for the operation include a base grid 
reference, defined as the south western corner of the study area, and the output
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value for the points to be generated. In the initial case (to produce the even 
pollution field used in Figure 5.1) a single nested loop of code is utilised to 
generate a series of output coordinates with the given reference value that would 
be written to a user specified output file defined upon running.
The more complex programs written to produce the more detailed scenarios 
resulted from a progression from this initial case. For each feature element a 
further set of loops was added, along with more detailed spatial constraints. A 
road feature (c.f. Figure 5.3) for example would be defined by its four corners, with 
all values falling within the polygon formed by those constraints being assigned the 
same prescribed value for the air pollution within that polygon.
The Fortran 95 routines used to generate the datasets for the base scenarios 
followed a set of logical steps:
Location and extent of major road networks defined and maximum 
pollution levels defined
Large urban-background and rural background levels defined with 
minimum levels specified
Point file generated with locations and levels contained as 
coordinate sets with reference values
Point file then loaded as grid data source in GIS software and the 
scenario maps generated
Location and extent of urban areas defined spatially within 
rectangular coordinates, and max pollution levels specified
Flowchart 5.2 Progression of steps for scenario generation
The Fortran 95 code consisted mostly of nested loops, where each iteration of a 
loop assigned a set of coordinates and an accompanying value. The loops were
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arranged in such a way that in cases of overlapping features, such as an urban 
area overlaying a defined urban-background area then the routine would assign 
the higher value of pollution. The order of input of data requirements shown in 
Flowchart 5.2 was designed to facilitate this sorting for the highest value for a 
point.
Each execution of the Fortran 95 routines used for this scenario production 
generated an output file with a series of approximately 43000 coordinate 
referenced values. These were then incorporated into the GIS as a series of 
spatially distinct points, each with a value attached. In essence this input to 
produce the scenarios was developed to be akin to a ‘perfect’ mapping situation; 
with high numbers of uniformly and closely spaced points. The Inverse Distance 
Weighted (IDW) interpolation scheme contained in the GIS as part of the ArcGIS™ 
Spatial Analyst tool was used to produce the scenario surface from these inputs. 
This process produced the pollution scenarios used in both this chapter and the 
following ones, and the results can be seen as the graduated maps used as the 
basis for all the studies.
The very high density of points used for each projection ensured continuity of data 
and distinct transitions between levels of the pollutant in the map. This was critical 
for the first stage experiments, which were designed to test the sampling schemes’ 
ability to differentiate changes in pollution pattern.
5.4 Test scenarios
Beyond the direct differences between the various approaches, it was necessary 
to test the different schemes using our computational and statistical tools 
(described in sections 5.5 and 5.6) developed for this task. For this exercise a 
series of test scenarios were derived, designed to assess the relative strengths 
and weaknesses of each scheme.
The initial scenario, shown in Figure 5.1 (and Appendix C, Figure 1 -  Titled Flat 
Data Field), was one of a uniform pollution scenario. This was intended to test the 
ability of each scheme to operate at its most fundamental level when operated
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upon by the various tools. This first phase also acted as a confirmation of the tools 
themselves; that they could replicate the simplest possible pattern that might be 
encountered. All of the schemes tested against this scenario produced (see 
description of statistical comparison in section 5.6) values of 1, showing a pattern 
that was indistinguishable from the original.
Flat Data Field
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Figure 5.1 Uniform map for initial testing
The scenarios then progressed in complexity; initially testing, in steps, the ability of 
each scheme to replicate simple patterns; progressing to scenarios representing 
somewhat more realistic situations. These scenarios are shown in Appendix C, 
each with a 4Km spacing regular grid overlaid for comparison purposes.
Figure 5.2 shows the first stage in a series of increasingly complex patterns that 
the various monitoring schemes on trial were required to be able to differentiate. 
The pattern is again shown with a 4Km spaced regular grid overlay for 
comparative purposes. The scenario contains a step change in pollution values
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across the middle of the whole area. This enabled an assessment of the ability of 
each scenario to distinguish a large scale change to be made. The 4Km spacing 
grid shown overlaid in Figure 5.2 produces a biased view of the change. This was 
chosen so that the relative location of the step change in pollution values did not 
coincide with the sampling grid elements. Grids designed with this type of concern 
in mind are discussed in section 5.7.2.
Split Data Field
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Figure 5.2 Split level pattern for initial comparison
Figure 5.3 shows the first level of test scenario designed to test the ability of a 
monitoring scheme to distinguish a linear feature such as a road. The interaction 
between the size of the spacing between sampling points, and the scale of the 
feature becomes critical at even this level of complexity. The scenario shown in 
Figure 5.3, (where once again the 4Km spacing grid is shown) is only effective at 
recognising the linear feature if the grid elements coincide with the location of the 
feature. Were the feature to fall between the grid elements at this scale, then the 
feature would be completely missed.
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Road Data Field
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Figure 5.3 Pattern with distinct feature to test fine detail resolution
Figure 5.4 shows the final test scenario, with two linear road type features 
intersecting a central town type feature. This enabled an assessment to be made 
of the ability of the scenarios to distinguish the positions of several different feature 
classes, and the transitions between them. In Figure 5.4, the 4Km spacing grid 
provides data coverage for the north-south running linear feature, but fails to 
distinguish the presence of both the east-west linear feature, and the town centre 
feature (see Figure 5.10 for example).
These test scenarios were utilised in the initial comparisons of several different 
monitoring scenarios types as set out in section 5.7, with the results discussed in 
section 5.8. The comparisons were made using the tool described next in section 
5.5, and the statistical methods described in section 5.6.
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Town & Road Data Field
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Figure 5.4 4Km regular grid over town and main road scenario
The six test scenarios are presented in order in appendix 0. These are in order of 
increasing complexity:
1. Flat Data Field -  first test scenario, this tests the method’s ability to 
recreate the most elementary pattern. (Figure 5.1).
2. Split Data Field -  the second most basic scenario on test, gives a 
measure of how well each scheme represents a simple change. (Figure 
5.2).
3. Graduated Data Field -  the next evolution, testing the ability to recognise 
more changes.
4. Road Data Field -  a single isolated feature, testing the strength of each 
scheme to identify an individual feature. (Figure 5.3).
Spatial Aspects of Regional Air Pollution Monitoring Page 95
Chapter 5 -  Techniques and Tools
5. Twin Road Data Field -  two intersecting features, testing the ability to 
identify interactions between separate features.
6. Town & Road Data Field -  a wide area feature overlain with two distinct 
features, assessing ability to interpret different shaped features. (Figure 
5.4).
5.5 Monitoring-scheme-tool development and application
To represent the monitoring of pollution within the area, the values of the pollution 
scenarios were sampled at a series of points representative of the locations of the 
monitoring points that would be deployed in a real world application. To enable 
any such schemes to be tested, including monitoring schemes with perhaps many 
thousands of points, a sampling tool was developed.
The first phase of the tool development was to create a technique for defining the 
locations of the points to be sampled; in essence a way of overlaying each scheme 
on the test scenarios. These scenarios were best presented as a series of 
spatially referenced points, to which the appropriate pollution value would be 
assigned from the test scenario. The tool for developing these reference points 
was developed using similar techniques as used to generate the initial point files 
used in the generation of the pollution scenarios. The resultant Fortran 95 routines 
enabled any format of sampling scheme to be tested.
Flow chart 5.3 shows the progression of the Input to Output logic that constrained 
the development of the sample point tool. The system had to be able to describe 
the various scenario types for application in the GIS study.
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Regular Grid:
Input scale of grid Define scales for each 
element
Selective Grid:
Input co-ordinates which define spatial extent of sample area
Output of sampling scenario points to user specified file for import 
into GIS system
Select type of sampling scheme:
- regular grid
- selective grid
Flow Chart 5.3 I/O logic for sample point creation tool
The reference points were then overlaid onto the desired pollution field within the 
GIS system. The representations of the pollution within the GIS were displayed as 
layers in the system, with the displayed individual pixel values being that of the 
pollution level in ppb. A fundamental illustration of this situation is shown in Figure 
5.1, with a regular grid of sampling points imposed on top of a uniform pollution 
scenario.
From this starting point another tool was then developed to extract the value of the 
‘pollution level’ at the location of the monitoring point as dictated by the output from 
the sampling point tool. As the requisite information was now all contained and 
displayed in the ArcGIS environment, the sampling tool was developed in the 
environment’s standard customisation framework: an embedded Visual Basic for 
Applications (VBA) editing suite. The sampling tool was created to extract
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information from the pollution scenario layers; at the points governed by the 
sampling patterns superimposed from the chosen scheme. Figure 5.1, the initial 
test scenario of a uniform pollution field, is shown with a 4Km resolution regular 
grid overlaid. The VBA tool enabled the value of the pollution field to be sampled 
at the location of the grid points, and for it to be recorded in an output file (as a .csv 
type file for application in the GIS) along with its spatial coordinates.
i Microsoft Visual Basic - Guildford.mxd
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IFeatureClass, sFleld”|Sub ExtractValueTOPointFeatureClass (plnRaster As plnFeatureCIass As
' pInRaster: input raster -------
' pIiiFeatureClass : input point feature class 
' sFieldMame: name of the field that stores the values
On Error GoTo ERH
' Define field name
Dim pFId As IFieldEdit 
Set pFld * New Field 
p F Id. Name =• sFieldName
' Define field type
Dim pProp As IRasterProps 
Set pProp = plnRaster
If pProp.PixelType = PT_CHAR Or pProp.PixelType = PT_UCHAR Then 
pFId.Type = esriFieldTypeString 
pFId. Length ■= 20 
pFld.Required = 0
Elself pProp.PixelType = PTFLOAT Or pProp.PixelType » PT_DOOBLE Or pProp.PixelType Then 
pFld. Type ■= esrlFieldTypeDouble 
pFld.Length = 24 
pFld.Required = 8 
Else ' for integer case
pFld.Type = esrlFieldTypeInteger 
pFId.Length = 2 4  
pFId.Required = 0 
End If
’ Add field
pInFeatureClass.AddField pFld
' Get field index
Dim Fieldlndex As Integer 
Fieldlndex = pInFeatureClass.FindField(sFieldNaroe)
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Figure 5.5 VBA tool development environment
Figure 5.5 shows the VBA editing environment contained within the GIS system. 
The program developed to enable sampling of the pollution surfaces within the GIS 
utilised a system that used the input file coordinates from the point creation tool to 
sample the pixel value of the pollution surface at each point. These values were 
then written along with the relevant spatial reference to a new output file.
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The tool was integrated into the GIS’s tool bar as an operable button shown 
highlighted in red in the top right portion of Figure 5.6. This gave the user 
immediate access to the required files and options. The integrated file menus 
within the selection process offered by the tool menu allowed the user to efficiently 
store outputs from this tool to enable rapid re-integration of results back into the 
GIS.
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Figure 5.6 Sampling tool operation within the GIS
When operated the VBA tool first opens a menu enabling selection of the layer 
within the GIS from which the data were to be sampled (central portion of Figure 
5.6). This layer would be the scenario against which the sampling scheme was to 
be tested. Once the layer was selected the user was directed to a file menu from 
which the relevant monitoring scheme file generated from the Fortran based 
sampling tool would be selected. This easy access file selection is highlighted in 
the centre of Figure 5.7.
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Figure 5.7 Sampling point file selection within the VBA tool
Finally within the VBA tool the user was prompted to specify the location of the 
output file to which the sampled data were to be written. This was defaulted to 
derive from the filename of the input file selected for ease of later comparison.
Flowchart 5.4 details the logical progression of the steps included in the GIS based 
sampling tool. The VBA code utilised the environment within which the GIS itself 
was written. This enabled functions of the software such as the ability to look for 
information at specific points to be utilised for the systematic sampling required for 
this study.
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Activate point sampling tool from button displayed on the toolbar in 
the GIS.
Menu 3:
Select output file destination and name.
Menu 2:
Select map surface on which sampling is to be performed. 
This is done by choosing an active map in the GIS.
Menu 1:
Select sampling pattern:
point file generated from sampling point creation tool as 
.CSV type
Point sampling tool then interrogates map surface from the GIS. 
The pixel value for each point on the map surface is representative 
of the pollution level shown; this is measured at each point 
specified by the sampling grid and written to an output file for 
integration into the GIS
Flowchart 5.4 Function of GIS based point sampling tool
The output from the VBA tool was then incorporated back into the GIS, and again 
displayed as a set of spatially referenced points. From this new data set a new 
pollution map layer was generated, again using the Spatial Analyst’s IDW tool. 
This was displayed within the GIS to enable comparison with the original source 
scenario.
5.6 Statistical comparisons
To enable a preferred sampling scheme to be developed, the results from all the 
different schemes tested had to be able to be compared in a repeatable and as far 
as possible, unbiased manner. This required a statistical test that would enable
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the similarity between the sampled scenario, and the resultant new pollution map 
to be assessed.
To then enable this statistical comparison of the two patterns, the two pollution 
fields (original scenario and map generated from output of sampled data) were 
again sampled using the VBA tool. The sampling for this phase of the experiment 
was carried out using a prescribed 320 point regular grid. This number of points 
was calculated based on the extent of the sampling area using criteria discussed in 
Haining (1990). These criteria utilised a series of linear samples across the 
dataset, with increased numbers per sample, where variation from one iteration to 
the next was minimised. Once the variation along one transect was minimised, 
then that grid spacing was transferred to a grid. The number of points was in part 
calculated from the degree of variance found in a small sample of the data used to 
standardise the predicted error. The nature of the grid was set so that its sampling 
points never coincided with those used in the tested schemes to minimise any 
potential bias to any particular pattern. The same grid was used in all cases to 
facilitate direct comparison of the results from each test. The final grid was chosen 
from the sampling of the most complex scenario on test.
The extent of the grid was set to be confined within the limits of the initial sampling, 
to avoid any complications of edge effects from the interpolation. These effects 
occur around the spatial limits of the data set that is being interpolated to a map. 
As all interpolation schemes essentially infer values for the areas between the 
known points, based upon the values of the known points, these processes 
encounter difficulties when there is only one point from which to infer the values 
from. Away from the limits of the dataset the reliability of the interpolations drops 
off markedly as the data are only constrained directly at one side. Thus, the outer 
limits of the datasets are avoided to minimise the influence of these effects.
The two 320 point data sets that are generated were then compared like-point to 
like-point using a statistical analysis package (SPSS). The whole datasets were 
then compared using a regression algorithm. The results from this analysis were 
reported as a regression coefficient (R )^, which represents the similarity of the two
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sets: with a value of R =^1 being an exact match. This method was chosen as it 
enabled a fair comparison of widely different data extraction scenarios.
5.7 Sampling scheme type selection
There are numerous potential ways to sample data in a way designed to best 
capture the levels of air pollution across an area. Each type presents benefits and 
disadvantages to any potential user of the collected dataset. Current monitoring in 
most areas represents a highly selective approach, where each individual point is 
selected on its own merit; for measuring a specific target value, whether a very 
high value or a low background one. In general the only concession to following 
any wider plan is that each area must sample at least some high (Roadside) and 
low (Background) situations due to requirements of the tubes maintained within 
each borough as part of the overall national survey. This type of selection results 
in the spatially disparate datasets as analysed in the initial work on this project.
To produce a dataset with suitable data for a mapping exercise, far more rigid 
schemes must be employed. The ultimate target is a scheme that can be applied 
to any area; enabling reliable and comparable maps of pollution to be generated. 
Thus several different types of schemes, with different levels of specificity within 
each type, were tested: with the preferred type taken forward to the optimisation 
phase of the study (Chapter 6). The schemes tested were:
• Regular grids
o Several different scale grids to be tested 
o Simplest to utilise
• Selective grids
o Set to prescribed criteria
5.7.1 Regular grids
Perhaps the most obvious choice for a sampling scheme tailored towards a 
mapping exercise would be based on a regular grid; given the requirements of the 
interpolation methods. Regular grids, on whatever scale, satisfy the requirement
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that the dataset be as uniformly distributed as possible. This enables different 
areas of the derived maps to be considered with the same uncertainty throughout.
Different grid scales were used to determine the minimum necessary spacing 
required to pick up the detail of the sampled patterns. The accuracy and precision 
of the g ridded schemes was expected to be a factor of the relationship between 
the scale of the grid, to that of the size of any detail in the pattern of the pollution 
scenario tested. The range of grids utilised thus represented a range from the 
smallest scale effects through to the largest:
• 0.1 Km spacing -  street to street scale; town centre type scenario
• 0.2Km spacing -  for urban/suburban variations
• O.SKm spacing -  for suburban/ rural variations
• 1 & 2Km spacings -  for rural/ background variations
• 4Km & 8Km spacings -  for variations in background levels.
Figure 5.4 illustrates a 4Km spacing regular grid overlaid on a test scenario. The 
scenario represents a town centre with main roads passing through. The 4Km grid 
is targeted at distinguishing variations in background levels, thus the sampling 
rarely coincides with any of the main features in the scenario. The actual location 
of the grid points over the area is not targeted at any feature. The grids are 
generated purely as a combination of grid spacing in relation to the extent of the 
sampled area; whilst avoiding the very edges of the scenario. Thus the grid 
overlay in figure 5.4 is generated to fit a 4Km spacing grid within the above 
scenario.
Grids immediately have a practical advantage over other types of schemes as they 
are easy to prescribe. The generation of the regular grids tested in this section 
took significantly less time than the generation of any other type.
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5.7.2 Selective grids
Following the application of regular grids, it was considered that schemes targeted 
to certain features may be useful; especially in minimising the number of points 
required to accurately distinguish certain features.
The selective sampling patterns were designed to a series of rules, developed in 
part from the results from the rectangular grid results. In a practical application of 
such rules, the planner involved would have access to information sources such as 
maps of the study area. The criteria developed for the selective grids were also 
designed with this in mind, so the selection of points could be made with 
rudimentary knowledge of the study area. For traffic derived pollution it was also 
assumed that a planner would have access to traffic count data. Three categories 
of sampling space were derived from the grid results: Major Road; Urban Area; 
Background. For each of these a different sampling criterion was applied. For the 
selective grid scenario:
• A Major road was deemed to be one carrying over 50,000 vehicles per day, 
and in this situation sampling points were placed every 2km along its length
• An Urban Area was deemed a town with over 25,000 inhabitants (based 
upon a large town within Surrey), and in this situation sampling points were 
placed in a 4Km grid throughout the area
• Background accounts for all other area, and was sampled on a grid with 
8Km spacing
Figure 5.8 illustrates a selective grid overlaid on a test scenario. The scenario 
represents a town centre with main roads passing through. The selective grid is 
targeted at each of the features in the area, thus the coincidence of sampling 
points to the main features in this scenario is good.
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Town & Road Data Field 
With Selective Grid Overlay
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Figure 5.8 Selective grid over town and main road scenario
The main practical drawback to this type of approach is the time and effort required 
to produce such scenarios. For each area that is required to be monitored and 
then mapped, the different areas to which the different grid scales are to be 
assigned, have to be identified. This identification may require the collection and 
assessment of large amounts of data from disparate sources to enable the criteria 
to be described accurately. Once the areas have been identified their spatial 
extents must be worked out so that the grids can be overlaid accordingly. This can 
be especially time consuming as the shapes of roads and urban areas are rarely, if 
ever, regular polygons.
5.8 Test scenario results
As discussed in section 5.4 the regular grids demonstrated excellent ability to 
distinguish the patterns in the scenarios at the higher resolution of grid. As the grid 
spacings increased, the similarity of the reproduced map to the original scenario
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decreased markedly. This was especially apparent for the 4Km and 8Km grids as 
in many cases they missed the features in the scenarios altogether. The ability of 
the grids to distinguish features from a scenario is heavily influenced by the 
interplay between the spacings of the chosen grids, and the scale of any feature 
within the scenario. Some of the sparser grids successfully discern features in 
some of the scenarios, however this is when the grid elements happen to coincide 
with the features in the scenarios, and is not a result of targeting. The grids are 
specifically not set to coincide purposefully with any features (i.e. the grids are laid 
down according to geographical coordinates and are not specifically targeted in 
any way) as this would reduce their independence from the specific requirements 
of each area.
All of the following results are reproduced in their original format in Appendix D.
5.8.1 Case study for Town and Road Scenario
The interaction between the various elements of both the test scenario and of the 
sampling grid used can cause the interpolated maps to have very poor replication 
of the base scenario. This is especially true for the lowest resolution grids for all 
but the initial uniform scenario. This interaction between the sampling scheme and 
the interpolated map’s quality is discussed with reference to the sampling of the 
final test scenario: the Town and Road scenario. This scenario has both wide 
areas of unchanging pollution levels, and areas with very distinct changes, so it will 
test the various sampling schemes’ ability to handle these different regimes.
The selective grid illustrated in Figure 5.8 was designed with the idea that the large 
areas of unchanging pollution levels would require fewer monitoring points, 
whereas the built up areas and the major roads would require more intensive 
monitoring to enable their smaller extents to be handled. The object of this design 
was to attempt to harvest the greatest amount of information whilst utilising the 
fewest resources.
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Selective Grid Output for
Town and Road Scenario
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Figure 5.9 Town and Road scenario reproduction from selective grid
Figure 5.9 shows the resultant map surface produced when the sampling data 
from the selective grid shown in Figure 5.8 were interpolated within the GIS 
environment. The grid lines overlaid upon the image represent the extent of the 
original features found in the base scenario. The reproduced data surface bears 
little visual resemblance to the base scenario from which it was sampled. The 
statistical correlation of = 0.43 also suggests a very weak comparison to the 
original dataset. The nature of the distribution of points generated using the 
selective grid method produces a series of points that provide good information 
regarding the pollution levels at the measured points, but poor information 
regarding the locations of the transitions between the different pollution regimes. 
This problem is very similar in nature to that found when using the current 
monitoring sites for the mapping. The poor performance is caused by the handling 
of the data in the interpolation scheme used to generate the map. The scheme 
has no way of differentiating the rate of change away from a site of high pollution 
value from a less polluted site. It would be possible to tailor the interpolation
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scheme to treat each individual site differently, producing high rates of change 
away from more polluted sites (a higher power used in the IDW scheme), however 
this would be highly time intensive, and would require different parameters for 
each area mapped. This performance suggests that selective g ridding has limited 
use for direct interpolated mapping; it may however still have use as a parallel 
technique to highlight areas of interest within another monitoring scheme. This is 
not considered further in this study due to factors of map surface uncertainty 
discussed in the following discussions.
4Km Grid Output for 
Town and Road Scenario
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Figure 5.10 Town and Road scenario reproduction from 4Km grid
Figure 5.10 shows the same scenario reproduced using the data collected from the 
4Km resolution regular grid. The resultant pattern is more visually similar to the 
original scenario in that it reproduces one of the important features, the north-south 
trending road feature; but still flawed as it fails to distinguish the east-west road 
and only partially captures the urban area.
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2Km Grid Output for
Town and Road Scenario
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Figure 5.11 Town and Road scenario reproduction from 2Km grid
Figure 5.11 shows the reproduction from the 2Km spaced grid. The north-south 
road is reproduced more distinctly as a linear feature, but the east-west road is still 
missing. This highlights one of the determining factors regarding the choice of grid 
for a survey: the position of the grid relative to the elements of the pattern that is 
being investigated can be a critical factor in determining the performance of the 
reproduced map. The grids are imposed over the pollution scenario with no design 
other than the overall capture of the pattern. The grid in this case could in theory 
be 'tweaked' to fit the pattern so that the east-west feature could be distinguished 
as clearly as the north-south, but this is moving towards a more biased monitoring 
system. If there were multiple features of a similar magnitude within an area a 
decision would have to be made as to which were more important for the map, 
thus introducing an element of selective uncertainty into the resultant maps. The 
grids used in this chapter, and in the next are all laid out according to a base 
coordinate system independent of the pattern to be captured. This ensures that an 
unbiased view of the performance of the different grids is produced.
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IKm Grid Output for
Town and Road Scenario
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Figure 5.12 Town and Road scenario reproduction from IKm grid
Figure 5.12 shows the reproduced map generated when the IKm spaced grid is 
applied. The pattern is now visually much more similar, and this is supported by 
an value of 0.85. This represents a good level of statistical correlation between 
the reproduction and the base scenario. The improved performance at this grid 
scale for this scenario is due to the similarity of the scale of the sampling grid to 
the dimensions of the pollutant elements. Figure 5.13 shows the IKm sampling 
grid overlaid on the Town and Road scenario. This illustrates the similarity of the 
scales of the sampling grid and the pollution. The east-west road is now picked up 
clearly as a line or points coincide with the feature. The reproduced map (Figure 
5.12) also shows clearly delimited edges to the pollution features. This is due to 
there being sampling points located in the lower pollution areas in very close 
proximity to the road features. This enables the interpolation schemes to 
reproduce the pollution features very effectively in this case.
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1 Km Grid overlaid on
Town & Road scenario
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Figure 5.13 IKm spaced sampling grid shown over Town and Road scenario
Once the scale of the monitoring grid decreases to match the scale of the features 
in the pattern that is to be sampled the reproduction of the approximate shape of 
the features is successful (Figure 5.12). As the scale of the monitoring grid 
decreases to an even smaller separation of the sampling points the capacity for 
the interpolation schemes to replicate the position of the abrupt changes from one 
level to another is improved. Figure 5.12 shows the location of the two intersecting 
road features, but the nature of the interpolation scheme still shows these as 
broken lines, resulting from the influence of the monitoring points in the lower level 
areas either side of the lines. Figures 5.14 and 5.15 illustrate the improvements 
found when the grid scale is reduced still further. In Figure 5.14 the two road 
features are now replicated as continuous features, rather than the series of 
distinct points in Figure 5.12.
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O.SKm Grid Output for
Town and Road Scenario
NO2 ppb
20 -22
2 2 - 2 4
2 4 - 2 6
2 6 - 2 8
0 1.5  3  6  K ilo m e tre s
 1 I L_1 I ! L _ l I
Figure 5.14 Town and Road scenario reproduction from 0.5Km grid
0.2Km Grid Output for 
Town and Road Scenario
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Figure 5.15 Town and Road scenario reproduction from 0.2Km grid
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The representation of the pollution scenario generated using the monitoring data 
from the 0.5 Km separation grid (Figure 5.14) still doesn’t fully capture the detail of 
the transition between the two distinct pollution levels very clearly. At the 0.2Km 
separation grid scale (shown in Figure 5.15) the road and town centre features are 
replicated both in location and extent. The difference statistically between the 
representations in Figures 5.14 and 5.15 is very small however, with values of 
0.95 and 0.97 respectively. Once the grid scale is reduced to the finest resolution 
tested (0.1 Km spacing shown in Figure 5.16) the reproduced map is virtually 
indistinguishable from the original scenario (Figure 5.4). Indeed the statistical 
comparison yields an value of 0.99 representing a nearly exact match between 
the two surfaces.
0.1 Km Grid Output for 
Town and Road Scenario
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Figure 5.16 Town and Road scenario reproduction from 0.1 Km grid
The most significant difference between the maps generated from the selective 
grids and the regular grids is the variation in uncertainty across the mapped 
surfaces generated from the different monitoring schemes. The selective grids
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have different spacings between each of the points used for the interpolation, thus 
introducing variations into how the detailed interpolation is handled for each point. 
For the current monitoring, as for the selective grids, each separate point on the 
map surface is interpolated from a different set of points, each with different 
weightings assigned to them. This results in variations in interpolation error across 
the surface, thus a variation in the level of uncertainty associated with any area of 
the map. When regular grids are employed the interpolation scheme is able to 
treat each point in an alike manner, resulting in a map surface with an even level of 
associated uncertainty across the whole area. This is an essential factor when 
choosing which monitoring scheme is best adopted for the further study. By 
utilising regular grids we can produce maps from different areas where the 
associated level of uncertainty for each map is alike; enabling comparisons of 
statistically similar surfaces to be made. Maps could then be produced from wider 
areas by combining data collected by neighbouring authorities as the schemes 
would be compatible for the purposes of interpolation.
5.8.2 Statistical comparisons for all test scenarios
Figure 5.17 shows the values for all of the main test scenarios for the different 
scale grids, and the selective patterns. The regular grids show excellent 
performance for the 0.1 Km to 0.5Km grid spacings, with all calculated values 
staying above R^  = 0.9. The drop off for the 1Km, 2Km and 4Km grids is quite 
marked, but even.
The test scenarios described on the x-axis of Figure 5.17 are presented in order of 
increasing complexity (see Appendix C). The selective grids proved excellent for 
tracing the pollution levels along the road sources in particular, but the overall 
pattern capture was generally quite weak (the scenario shown in Figure 5.8 
produced an R^  value of less then 0.5 representing a weak comparison to the 
original). This weakness in capturing the overall patterns, coupled with a location 
specific requirement, proved the selective data monitoring to be a second option to 
regular grids for the purposes of interpolated mapping.
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Scenario tested
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Figure 5.17 Table of values for tested scenarios
The poor performance of the selective mapping in this situation is in the most part 
due to the criteria by which the selective elements are chosen. It would be 
possible to improve the performance of these grids by including an overlap from 
the higher sampling concentration areas into the lower ones, thus enabling the 
boundaries between areas to be more accurately defined. This however 
introduces an element of ‘second guessing’ the limits of pollution features, and 
potentially introduces another sources of bias into the mapping. The variations in 
spacings between points in the overall pattern generated from selective mapping 
also means that the levels of uncertainty across the interpolated surface are 
subject to variations within an individual map, making comparisons even within a 
small area statistically difficult.
5.9 Final choice for study
Of the two distinct types of grid tested there were significant differences between 
the performances for the purpose of interpolated mapping. The selective grids 
may be effective tools if the intent is to find pollution levels due to specific sources, 
but for the purposes of interpolated mapping they generated datasets with limited
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value. The unevenness of their distribution meant that the sampling derived from 
selective grids produced resultant maps that were hugely biased by the chosen 
distribution of points. The regular rectangular grids proved far more effective for 
the purposes of interpolated mapping as the patterns resultant from their sampling 
are free from bias generated by the grid selection. This results in grids that are 
useful across any area, and are thus independent of the sampling location.
As was expected, the critical factor for successful pattern recognition was the 
relation of sampling grid scale to the scale of the pattern elements being analysed 
for. As such the grids used in the main section of the investigation represent the 
above mentioned criteria of scales. The rectangular grids were also selected as 
they represented the most systematic approach to the current study.
6.10 Summary
The aim of the project is to be able to produce consistently repeatable and 
comparable maps from interpolated monitoring data. In this chapter a comparison 
of regular grids versus intelligent grids was presented, the conclusions of which 
indicate that regular grids perform better with respect to these criteria. Intelligent 
grids are more time intensive, and whilst they are more able to resolve specific 
features with fewer monitoring points, they produce map surfaces where the 
uncertainty in the interpolated surface varies spatially. Thus the maps produced 
from this type of sampling are non-transferable/comparable to other regions. The 
regular grids utilised in this chapter return improved results for the sampling grids 
with the most points. However, the application of this type of monitoring to real- 
world studies would require a more limited number of points to be considered due 
to practical and financial constraints. Chapter 6 presents an investigation into the 
optimisation and application of regular grids to scenarios representative of real 
monitoring situations to assess the performance of the different grid scales.
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Grid Comparison Experiments
This chapter addresses the ability of the monitoring schemes developed in the 
previous chapter to replicate the pollution distribution across a borough area. This 
scale was chosen as it is the scale on which the diffusion tubes are currently 
deployed. It was also considered reasonable to redeploy the monitoring in a 
manner that could be operated using the systems already in place for data 
collection and analysis. The nature of the sampling required to accurately capture 
the detailed changes in the levels of air pollution is critical to any potential future 
re-deployment of monitoring facilities. The ability of gridded sampling with different 
numbers of monitoring points, and thus differing levels of coverage, to replicate the 
pollution scenarios described in at the beginning of this chapter is assessed, and 
the implications of the results discussed.
The initial focus of the study is on the ability to replicate the most complex of the 
scenarios: as the ability to discern this level of detail would be applicable to each of 
the less complex scenarios. The analysis then progresses on to the less complex 
pollution scenarios to enable the optimal distributions for each level of complexity 
to be observed.
Flowchart 6.1 shows the structure of this chapter, and how the sections follow from 
one another. The case studies described in detail in the main text are also shown
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in the appendices, along with the results for the duplicate studies with the second 
scenario for each level of detail.
Chapter 7 -  Conclusions and recommendations
Comparisons of performance of different sampling strategies for 
each test scenario
Generation of test scenarios
Rationale for different patterns assessed
Strategies to be tested -
Scales of sampling grids selected for testing outlined
Flowchart 6.1 Progression of Chapter 6
6.1 Scenarios for field comparison
In this section the scenarios against which a hypothetical field monitoring 
campaign type situation will be tested are developed. The scenarios are designed 
to represent pollution patterns with scale elements representative of features that 
are likely to be found in a real pollution monitoring situation. The sampling 
patterns tested in chapter 5 clearly show a distinct advantage to using regularly 
gridded data points for the production of interpolation based air pollution maps. 
The nature and complexity of the patterns of air pollution that an air pollution study 
would be required to discern in a field study are less clear cut and linear than the 
initial test scenarios. Before an optimum grid layout can be assessed, a more
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realistic pollution analogue must be derived to test the sampling for a potential field 
study type scenario.
Given the variations in urbanisation and road traffic density across the different 
boroughs within the county of Surrey alone, three distinct scenarios were devised: 
with two variations of pattern for each to enable repeat analyses for statistical 
robustness. These were defined according to the level of detail incorporated into 
each (Complex > Mixed > Background), and by the two distinct patterns at each 
level (Primary Patterns 1 & 2). The scenarios utilised were distinguished thus:
• Complex area (Primary Pattern 1 - Figure 6.1 (& Fig 1 Appendix E; 
Primary Pattern 2 -  Figure 6.2 (& Fig 1 Appendix F))
Complex Area Primary Pattern 1
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Figure 6.1 Urbanised area scenario 1
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The scenarios for the complex area were designed to contain scale elements 
representative of small variations within major urban areas, but larger than street 
to street variations, and to incorporate very distinct transitions from urban to rural 
patterns. This type of pattern is representative of the variations found within the 
northern areas in the initial study. The sampling schemes used to assess these 
pollution analogues will have to be able to discern the greatest variations within an 
area, and also the sharpest changes and the position of these changes.
The complex patterns contain elements representative of the wide area pollution 
from major roads and urban areas. Street to street variations, and even smaller 
scale changes such as those across a carriageway, are beyond the scope of most 
field monitoring due to the unrealistic requirements for the placement of monitoring 
sites. This scale of work is most commonly carried out within a computational 
environment using very small scale modelling, or in wind tunnel experiments.
Complex Area Primary Pattern 2
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Figure 6.2 Urbanised area scenario 2
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• Mixed area (Primary Pattern 1 - Figure 6.3 (& Fig 1 Appendix G); Primary 
Pattern 2 -  Figure 6.4 (& Fig 1 Appendix H))
The scenarios for the mixed case, had part of the pattern with very abrupt 
changes representative of rural/urban transitions, and part of it with steady 
changes representative of background variations. This situation occurs in some of 
the boroughs within Surrey where concentrated urban centres are surrounded by 
large areas of rural land, especially through the centre of the county where several 
large towns abut the North Downs.
Mixed Area Primary Pattern 1
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Figure 6.3 Mixed area scenario 1
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The optimum scaling for these scenarios will potentially be the most difficult to tie 
down due to the variations in requirements across the study area. The grids that 
are able to discern the larger area variations across the sections of the scenario 
with the least variations may have little success differentiating the urban areas.
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This set of scenarios will be most similar to the requirements of the sampling for a 
majority of boroughs outside of major cities.
Mixed Area Primary Pattern 2
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Figure 6.4 Mixed type area scenario 2
• Background area (Primary Pattern 1 - Figure 6.5 (& Fig 1 Appendix I); 
Primary Pattern 2 -  Figure 6.6 (& Fig 1 Appendix J))
The ‘Background areas’ used in this study were designed to be representative of 
rural variations, with low pollution gradients and no major high values. This 
situation is the analogue of the pollution variation found across the southern 
boroughs in Surrey in the initial study. In both Figures 6.5 and 6.6 there are no 
abrupt changes in pollution levels throughout the whole area, with only gradual 
changes over wide spatial scales being represented.
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Background Area Primary Pattern 1
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Figure 6.5 Background area scenario 1
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Figure 6.6 Background area scenario 2
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These Background scenarios should enable an assessment of the least 
concentrated distribution of monitoring points required to reproduce any pollution 
analogue to be assessed.
6.2 Experimental strategy
Once the tools and techniques for examining mapping applications of air pollution 
data within a computational environment had been developed and tested, the 
process of developing monitoring schemes intended for field application could be 
instigated. This process involved assessing the strength of many different scales 
of gridded sampling patterns in the reproduction of spatial information in the form 
of ‘pollution maps'.
From the analyses conducted in the initial phases of this study it was clear that the 
monitoring schemes derived from this study would be required to replicate pollution 
patterns with many different scales of detail. The urban areas within a study tend 
to have more strongly delineated features due to the high strength of the sources 
in those areas, whereas rural areas had fewer details that the sampling would be 
required to recognise. The test monitoring schemes were therefore tested against 
a series of pollution scenarios designed to replicate a series of different possible 
situations.
6.3 Monitoring strategies tested
The experiments carried out as part of the initial testing and validation in chapter 5 
showed that, for the purposes of mapping, regular grids were the best option for 
producing widely comparable pollution maps using interpolated mapping. They 
were able to distinguish patterns effectively, whilst fulfilling many of the major 
requirements for effective interpolation into maps. The aim of this section of the 
project is to assess what the optimum spacing between monitoring points is to 
accurately replicate the pattern of pollution in the target area.
The spatial extant of the area represented by the pollution scenarios was 40Km 
east-west, by 20Km north-south. This is a rectangular area analogous to the limits
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of a large borough within the county of Surrey. The numbers of sampling points 
described below are the numbers required to sample within the boundaries of an 
area of this size. For the purposes of the main body of experiments a series of 
regular rectangular grids were selected based upon the criteria laid down in 
section 5.6.1. These were:
4Km spacing -  variations in background levels 
o 30 sampling points
2Km spacing -  rural/ background variations 
o 108 sampling points
IKm Spacing -  suburban/ rural 
o 391 sampling points
O.SKm spacing -  suburban/ rural 
o 1610 sampling points
0.2Km spacing -  urban/suburban variations 
o 10005 sampling points
0.1 Km spacing -  street to street scale; town centre type scenario 
o 40250 sampling points
These grids were selected to enable the experimental process to differentiate 
between monitoring scheme performance for several different scenarios. These 
were designed to represent the types of scales of pollution patterns the monitoring 
schemes would be required to distinguish if deployed into the field. The number of 
points required within the area of the scenarios tested varies considerably, from 30 
for the sparsest grid, through to over 40000 for the most detailed. This type of 
comparison is valuable as it allows us to make an assessment of both which 
scheme is best for reproducing maps, and also where an optimum for field work 
might be found.
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The reproduced maps from each of the different sampling schemes were 
compared to the original scenarios utilising the same statistical comparison 
methods as described in Chapter 5. This method returns an value for each of 
the comparisons, based on a regression analysis of the comparative points. 
Intuitively it was expected that the R^  values would improve as the sampling grids 
became finer, with the highest values of R^  being expected for the 0.1 Km grids. 
The comparisons were therefore critical in assessing at what rate the improvement 
in the correlation occurred, relative to the varying numbers of sampling points in 
the different schemes, and to the different scenarios tested.
6.4 Case study 1 (Complex Area Primary Pattern 1)
This scenario was designed to be the most intricate pattern interrogated using this 
method. It was designed to replicate air quality for a conurbation or other areas 
with high degrees of urbanisation. Such an area would have the greatest 
concentration of pollution sources, especially around the major urban centres, 
producing areas with very high values and some very abrupt changes within the 
pattern. The greatest changes would be moving away from a town centre where 
the concentration of sources decreases the most rapidly. These urban centre type 
features can be seen in Figure 6.7 as the high ppb areas highlighted in blue on the 
map; with concentrations in excess of 32 ppb for NO2. There are also raised levels 
of NO2 along tracks between the urban centres, especially along the north-south 
axis to the right of the map (shown approximately by the position of the dashed red 
lines at the right hand side of Figure 6.7). These are representative of the major 
road routes, and adjoining urban and suburban areas, between the main centres.
Figures 6.8 to 6.13 (and the sequence of figures in Appendix E) illustrate 
graphically the differences between the reproduced maps from the sparse 4Km 
grid sample, through to the much finer resolution 0.2Km grid. The 4Km grid 
reproduction (Figure 6.8) suggests the general pattern described above, especially 
picking out the north-south conjoining area, but misses all of the high urban centre 
value areas almost completely. This general pattern for the 4Km grid is evident 
throughout all of the various scenarios presented in Appendices E to J.
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Complex Area Primary Pattern 1
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Figure 6.7 Original pattern for Complex scenario 1
The discontinuity around the edges of the reproduced images (highlighted in the 
dashed area on Figure 6.8) is a result of the sampling grids being contained within 
the area of the original base scenarios, thus the extent of the reproduced map is 
slightly smaller than the extent of the scenario from which the values were 
sampled. The mapped data from the sampling is shown only within the areas 
bounded by the corner sampling points as the interpolations are greatly influenced 
by the lack of data outside these boundaries.
This boundary effect would be overcome in the field as the neighbouring areas 
would also have sampling points that could be utilised in the interpolations. The 
discontinuity is visible as the interpolated maps are shown superimposed over the 
test scenarios, which can thus be seen beneath the slightly smaller reproduced 
maps. As the accuracy and precision of the reproductions improves the sampling 
grid scale decreases and the discontinuity is less obvious, until it is barely 
perceptible in the finest grid reproductions. The data are overlaid onto the original
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scenario in this way to enable the differences between the original scenario and 
the interpolated surfaces to be seen more easily.
Complex Area Primary Pattern 1 
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Figure 6.8 Complex 1 pattern generated from 4Km resolution grid
The value returned from the 4Km reproduction (shown in Figure 6.8) of 0.52 
immediately confirms statistically what is graphically obvious. This number 
suggests very poor statistical correlation. An R^  value in excess of 0.8 is generally 
considered as good . This poor level of statistical correlation shows the 4Km grid 
spacing to be highly unreliable. Whilst the reproduced map visually shows an 
approximation to the original pattern, the weakness of the statistics would leave 
huge uncertainty for any reproduction from this grid. Without recourse to the 
original scenario for comparison, as would be the case in any field study, there 
would be very little confidence in the accuracy of the reproduced map of pollution 
for a 4Km grid in an area of high source variation.
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Figure 6.9 Linear regression analysis for 4Km regular grid sampling of 
Complex scenario 1
Figure 6.9 shows the scatterplot generated for the regression analysis performed 
for the comparison of the map surface shown in Figure 6.8 to the original scenario 
shown in Figure 6.7. The extensive scatter of the points around the regression line 
illustrates further the deviation from uniformity with the base scenario for this 
reproduction. A perfect reproduction would show all points on the regression line, 
and the 95% confidence intervals would also lie along this line. The nature of the 
scatter suggests that this reproduction tends to underestimate for the high values 
in the original scenario, as evidenced by the points outside and below the 
confidence limits to the right of the plot. The cluster of points around the centre of 
the plot suggest an overestimation around the 25ppb level, and then the scatter 
returns to underestimation as the original scenario levels drop to around 20ppb 
and below.
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Complex Area Primary Pattern 1 
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Figure 6.10 Complex 1 pattern generated from 2Km resolution grid
Figure 6.10 shows the reproduction of the Complex Area Primary Pattern 1 (Figure
6.1 and 6.7 shown with details highlighted) generated from the 2Km spacing grid. 
An immediate improvement is obvious visually, with several of the high pollution 
urban centres being identified by this pattern. The precision with which the overall 
pattern is reproduced is also considerably improved, and this is reflected by the 
resulting value from the statistical analysis of 0.82. This now reflects a good 
statistical correlation (though only at the lower end of values considered as good).
Figure 6.11 shows the scatterplot generated for the regression analysis performed 
for the comparison of the map surface shown in Figure 6.10. The difference 
between this reproduction with an of 0.82, and that shown in Figure 6.9 of 0.52 
is quite marked. The points now generally lie much closer to uniformity with the 
regression line, and the 95% confidence intervals are much closer to the 
regression line. The scatter again suggests a slight underestimation for the high 
values in the base scenario; but this time an overestimation for the lower values.
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The cluster of points around 25ppb is much closer to the regression line in this 
case. For the further sampling schemes assessed against this scenario the 
values produced are all above 0.9, and produce very tightly ranged scatterplots.
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Figure 6.11 Linear regression analysis for 2Km regular grid sampling of 
Complex scenario 1
Whilst this represents a significant improvement over the 4Km grid reproduction, 
there are still weaknesses evident in this map. The most significant of these is the 
failure to identify all of the urban centre high values. This is evident in the south 
east quarter of the map where there is only one centre highlighted by the 
reproduction, but two distinct centres in the original base scenario. The 
discontinuity at the boundary of the reproduction also highlights a weakness in this 
sampling scheme caused by the limited spatial area of the study. This would be 
eliminated in a field deployment as the adjoining boroughs would have monitoring 
schemes extending this pattern further from the borough boundaries. At the 
northern edge, slightly east of centre the position of the urban centre at the edge of 
the reproduction is displaced slightly west of its original position. There is also an
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area on the western edge where the reproduction predicts a large area of slightly 
elevated values compared to the original. These factors are all a result of the grid 
being able to locate features, but still being unable to accurately resolve the rapid 
changes occurring on the map.
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Figure 6.12 Complex 1 pattern generated from O.SKm resolution grid
Figure 6.12 shows the reproduction based on the O.SKm grid sample which now 
produces a significant improvement in both precision and accuracy, with an 
value of 0.97 for the statistical comparison. This level of performance enables very 
high levels of confidence to be placed on any reproduction using this grid scale 
and as such is approaching the ideal field study solution, at least as far as certainty 
in results, as it would enable us to interpret patterns from such a study justifiably.
Only minor flaws now exist in the interpreted maps, with two distinct highs 
appearing in the north east sector, and an apparent coarseness to the larger scale 
variations. However, the discontinuity visible in the lower resolution reproductions
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is hardly distinguishable here; and the twin urban centres in the north east is likely 
an effect of decreasing performance in the interpolation schemes at the edge of 
the reproduction where the data is sparser.
Complex Area Primary Pattern 1 
0.2Km Grid Reproduction
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Figure 6.13 Complex 1 pattern generated from 0.2Km resolution grid
Figure 6.13 shows an improved visual correlation that is now virtually 
indistinguishable from the original scenario. This is borne out by the value of 
0.99: an almost identical match. The urban centres are all accurately located, and 
the areas of each are precisely defined. All but the finest detail is reproduced, and 
the discontinuity around the reproduced map is indistinguishable: with the 
availability of information of data for the interpolation being great enough to allow 
even the values around the limits to be calculated with some accuracy.
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Grid Spacing (Km) value for regression analysis
0.1 0.99
0.2 0.99
0.5 0.97
1 0.94
2 0.82
4 0.52
Table 6.1 Complex Area Primary Pattern 1 values
Table 6.1 displays the correlation results from all six of the monitoring schemes 
tested against Complex Area Primary Pattern 1. It is clear that the four higher 
resolution grids (IKm and smaller spacing) are all quite close in their performance, 
with only minor differences in their abilities to appreciate the rapid changes in this 
scenario separating them.
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Figure 6.14 Variation of with grid spacing for Complex scenario 1
The results from table 6.1 when described graphically illustrate the interaction 
between the scales of elements of the pattern of Complex Area Primary Pattern 1, 
and those of the grids quite aptly (Figure 6.14). This most complex scenario tested
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produces the greatest change, and the most rapid delineation (away from R^=1)  
of any of the scenarios tested. This is due to it having the smallest scale elements, 
and the most rapid changes in pollution levels, that the wider scale grids are less 
likely to distinguish. This interaction between the scale of the grids used in the 
various monitoring schemes on test, and the size of the features in the various 
scenarios, is perhaps the most critical factor in the performance of the reproduced 
maps.
6.5 Case study 2 (Complex Area Primary Pattern 2)
The second complex scenario on test presented a slightly different set of 
requirements from the monitoring scheme. The test scenario had fewer large 
variations in the value of pollution across the area, but many more small areas that 
needed distinguishing from the main pollution average.
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Figure 6.15 Complex 2 pattern generated from 4Km resolution grid
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There are two main urban highs shown to the north of this scenario representing a 
situation similar to that found in Surrey where a large conurbation borders the 
area. There are also four smaller urban centres within the area, and several 
joining inter-urban traffic routes. The magnitudes of the high points in this scenario 
are lower than those in the first complex scenario, but there are more separate 
sources to be distinguished within the pattern.
Figure 6.15 illustrates the reproduced map generated utilising the 4Km spaced 
grid. This sampling scheme shows ability to recognise the general pollution 
variations, with a slightly elevated area to the north of the map, but predicts very 
little of the detailed variations. Indeed this representation of the pollution field 
produces the lowest correlation to the original of any of the test schemes at = 
0.45.
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Figure 6.16 Complex 2 pattern generated from 2Km resolution grid
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Figure 6.16 illustrates the improvements to the interpolated map generated using 
the 2Km spaced sampling grid. Far more of the detailed pollution variations are 
picked out by this scheme; though some of the smaller areas are still missed. The 
for this map is 0.82 representing a far better statistical match.
Figures 6.17 and 6.18 show the ability of the finer resolution sampling grids to 
reproduce the finer detail from the original pattern. The O.SKm grid in Figure 6.17 
produces an R^  of 0.98, compared to the 0.99 for the 0.1 Km grid in Figure 6.18.
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Figure 6.17 Complex 2 pattern generated from O.SKm resolution grid
The half kilometre grid represents all of the detail of the map as its grid scale is 
smaller than the features in the original scenario. The 0.1 Km grid shows little 
advantage over the slightly sparser grid, despite containing twenty five times as 
many monitoring sites.
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Complex Area Primary Pattern 2
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Figure 6.18 Complex 2 pattern generated from 0.1 Km resolution grid
6.6 Case study 3 (Mixed Area Primary Pattern 1)
This scenario was designed to test the ability of the monitoring schemes to cope 
with a mixed urban and rural situation. In this regime the stronger features, such 
as urban centres of generally smaller types than in the Complex areas, would 
contain smaller sources than the large urban areas so would be less distinct from 
the surrounding regions. The monitoring schemes would still need to de able to 
distinguish the location of any such feature, and the changes around it. They 
would also have to pick out the more subtle variations within the rural areas.
This scenario has a relatively large urban centre to the north east of the area that 
has high pollution levels, but is smaller in area than the conurbation type area seen 
in Complex scenario 2. There are three smaller urban areas in this scenario, along 
with the related joining routes. There are also areas of background pollution 
levels; a large one to the west of the area and a smaller more constrained one to 
the east and south east.
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Mixed Area Primary Pattern 1
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Figure 6.19 Original pattern for Mixed scenario 1
The reduced complexity of this scenario when compared to the Complex Area, 
coupled with the weaker delineation between features results in a stronger 
performance by the sparser grids (see Table 6.2). As such only the 4Km spacing 
grid (Figure 6.19) has a performance of < 0.8. The reproduction based upon 
the 2Km grid spacing monitoring scheme is shown in Figure 6.20 and produces a 
correlation figure of 0.92.
The deviations from the original scenario are still visible at this stage, but all of the 
main features are identified. The scales of some features, such as the two urban 
centres just south east of the centre, are not accurately distinguished. There are 
also clearly visible discontinuities at the edge of the interpolated map, but only 
where the more major features intersect this boundary.
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Figure 6.20 Mixed 1 pattern generated from 2Km resolution grid
All of the further test monitoring schemes, from the 2Km grid down to the 0.1 Km 
grid shown in Figure 6.21 return values greater than 0.9. The reproduction of 
nearly all the detail from the original scenario, with even the 2Km grid, is caused by 
the features in the original scenario having wider spatial extents. This enables 
even the sparser grids to detect the locations and limits of all of the features.
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Figure 6.21 Mixed 1 pattern generated from 0.1 Km resolution grid
Grid Spacing (Km) value for regression analysis
0.1 0.98
0.2 0.99
0.5 0.98
1 0.97
2 0.92
4 0.73
Table 6.2 Mixed Area Primary Pattern 1 values
Table 6.2 displays the correlation results from all six of the monitoring schemes 
tested against Mixed Area Primary Pattern 1. It is clear from this, and from the 
graphical representation in Figure 6.22 that all of the monitoring schemes tested 
perform significantly better than they did against the complex scenario. This is a 
result of the scale of the features in the Mixed scenario being in general larger than
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in the Complex scenario, thus enabling the sparser grids to more readily determine 
their position.
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Figure 6.22 Variation of with grid spacing for Mixed scenario 1
The rate of decay of the curve in Figure 6.22, away from the exact correlation of 
= 1 is much less pronounced than in Figure 6.14, and the deviation away from 1 
occurs to a lesser extent at the greater grid spacing. Only once the grid spacing 
reaches the 4Km spacing does the value drop below the level of statistical 
reliability.
6.7 Case study 4 (Mixed Area Primary Pattern 2)
The second mixed area scenario has larger areas of constant pollution levels than 
the first mixed scenario. However, the few high points on the original scenario’s 
surface (Figure 6.4) provide enough complication to the pattern to return very 
similar results to the first mixed pattern. Figure 6.23 shows the reproduction 
resulting from the 2Km grid reproduction. The map surface in this case results in 
an R^  value of 0.90, showing a generally sound correlation to the original. The
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only loss of correlation is caused by the inability to resolve the fine detail in the 
map, and the resolution of the extent of the isolated high areas.
This scenario has several small urban centres at its edges, with the accompanying 
traffic routes. It differs from the first mixed scenario by the much larger area of 
background pollution levels in the centre and east of the mapped area. This 
represents an almost completely rural area adjacent to several small towns similar 
to the situation in the south and south east of Surrey.
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Figure 6.23 Mixed 2 pattern generated from 2Km resoiution grid
Figure 6.24 shows the reproduction of the second mixed scenario derived from the 
0.2Km spaced sampling grid. This interpolated map surface now returns a 
correlation of = 0.99 revealing a near identical match to the original scenario. 
Even the finest elements of the initial scenario’s pattern are now revealed as the 
sampling grid is now on a smaller scale than that of the largest pattern elements in 
the test scenario.
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Mixed Area Primary Pattern 2
0.2Km Grid Reproduction
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Figure 6.24 Mixed 2 pattern generated from 0.2Km resolution grid
6.8 Case study 5 (Background Area Primary Pattern 1)
This scenario was designed to test the ability of the monitoring schemes to cope 
with an almost entirely rural situation. The scenario has no prominent features, 
and is essentially a steadily varying background pollution pattern (Figure 6.25).
Against this scenario, all of the six tested monitoring schemes produced results 
well within the desired parameters, with the reproduction based on even the 
sparsest 4Km spacing grid (Figure 6.26) resulting in an value of 0.95.
This scenario was created with two small urban centres, and three low pollution 
level traffic routes. These produce the dominant contribution to lift levels above 
the rural background levels found to the west of the area, but without producing 
very distinct pollution features as seen in the complex and mixed scenarios.
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Figure 6.25 Original pattern for Background scenario 1
0 1.5 3
1 I  I  I  I  I
N02 ppb
Œ  12- 14
□  14-16
□  16-18 
I I 18 - 20 
I 120-22
□  22-24
□  24-26
□  26 - 28
□  28 - 30
□  30-32
□  32-34  
®  34-36  
I I 36 - 38
□  38 - 40 
I I 40 - 42
□  42-44
Background Area Primary Pattern 1 
4Km Grid Reproduction
\ / \ I\ I
\  /
\  /
\  /
\  /
\  /
\  /
\  /
0 1.5 3 6 Kilometres ------------- Inter-urban traffic route
C Z) Urban centre highs 
Figure 6.26 Background 1 pattern generated from 4Km resolution grid
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Figure 6.26 shows the map reproduced from the 4Km spacing grid, and illustrates 
the similarity between this map and the original scenario (Figure 6.25). Some of 
the minor details visible in the original are missing from this reproduction, but 
overall the pattern is very similar.
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Figure 6.27 Linear regression analysis for 4Km regular grid sampling of 
Background Scenario 1
Figure 6.27 shows the scatterplot generated for the regression analysis performed 
for the comparison of the map surface shown in Figure 6.26. In this case the 
value returned was 0.95, representing a very good correlation. The confidence 
intervals for this analysis are now very close to the regression line itself, and the 
points are clustered very closely to the regression line. The slight deviation from 
uniformity is due to the inability of this sparse 4Km spaced grid to resolve the very 
finest detail; for this scale of gridded sampling, the closeness of the fit is very good.
Figure 6.28 illustrates the 1Km grid reproduction map, showing that at this level of 
detail it is virtually indistinguishable from the original or the 4Km reproduction 
(Figure 6.26). Only the finest detail, especially at the edge of the interpolated area 
is visually improved. This is an effect of the limits of the interpolation method
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towards the edge of an area. The neighbouring data points, from which any other 
point is calculated, are by design only on one side of the edge points. Where 
interpolated points towards the centre of the map are calculated from other points 
in all directions around them, those near the edge are calculated from a more 
limited spatial set.
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Figure 6.28 Background 1 pattern generated from 1Km resolution grid
Grid Spacing (Km) value for regression analysis
0.1 1.00
0.2 1.00
0.5 0.99
1 0.99
2 0.96
4 0.95
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From these results we can determine that the 4Km spacing grid, containing only 30 
monitoring points, could reliably be used to monitor air pollution for the purposes of 
mapping: at least if only background pollution was being assessed. All of the 
monitoring schemes tested against this scenario produced high values for 
(Table 6.3). The variation away from = 1 shown in Figure 6.29 shows no 
significant downwards trend even towards the 4Km grid.
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Figure 6.29 Variation of with grid spacing for Background scenario 1
6.9 Case study 6 (Background Area Primary Pattern 2)
The pollution scenario for the final case study was chosen as one of almost 
entirely background pollution levels, with only one small urban feature present in 
the area. This is representative of large areas of some of the southern boroughs in 
Surrey, where there are no major urban centres or traffic routes present.
The reproduced maps for the second background area show slightly depressed 
correlations when compared to the first background area. The 4Km grid 
reproduction (Figure 6.30) returns an R^  value of 0.87, compared to a value of 0.95 
for the first background (Figure 6.26). The few areas of detail in the original
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scenario (Figure 6.6) are around the edges of the sampled area. This serves to 
amplify the limitations encountered in the interpolation scheme’s ability to handle 
the edges of the mapped area. As the sparse grid is less well equipped to pick out 
the details around the edge of the mapping area, the data points are generated by 
the interpolation scheme from more widely spaced points.
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Figure 6.30 Background 2 pattern generated from 4Km resolution grid
Figure 6.31 shows the reproduced map using the 1Km sampling grid for the 
second background scenario. This level of resolution now returns a correlation of 
= 0.97 marking an improvement over the sparser grid. This improvement is due 
mostly to the improvements of the interpolated data around the edges of the 
mapped area. The interpolation scheme now has more closely related points to 
calculate from, and the resolution of the sampling enables the details of the 
features in the original scenario to be distinguished.
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Background Area Primary Pattern 2
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Figure 6.31 Background 2 pattern generated from IKm resolution grid
6.10 Differences between scenarios and discussion
For each of the scenarios shown above, and for the repeat scenarios in each case 
(Scenario 2 for each of the three areas), the results of the regression analyses are 
tabulated in Appendix K. Figure 6.32 illustrates graphically the comparative 
performances of the various monitoring schemes against the different scenarios.
The drop off of R^with increasing grid scale length signifies loss of pattern capture. 
Whilst this effect is most prominent in the complex scenario, it is still visible in the 
other scenarios on test. Figure 6.32 illustrates the similarities between the various 
patterns, and it also highlights the differences. For both of the more complex 
patterns on test the drop off with increasing scale length is very marked. The 
mixed scenario has a lesser rate of decrease in R^ , and the background scenario 
lesser still (with Background pattern 1 staying above R^  = 0.9 for all grids tested).
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The point at which the rate of change of increases rapidly away from a value of 
one is representative of where the scale elements start being too small for the grid 
to capture them reliably. The complex patterns tend to have scale elements of 
less than 1Km in length, and thus this is where the deviation from good correlation 
occurs. As the background areas have elements generally at or in excess of 4Km 
then the line tends to stay near R^=1 for longer.
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Figure 6.32 Variation of R^  with grid spacing for all scenarios
(The legend for Figure 6.29 reads as follows:
BP2 -  Background Area Primary Pattern 2 
BP1 -  Background Area Primary Pattern 1 
CP1 -  Complex Area Primary Pattern 1 
CP2 -  Complex Area Primary Pattern 2 
MP1 -  Mixed Area Primary Pattern 1 
MP2 -  Mixed Area Primary Pattern 2)
From this data it would be possible to provide a good estimate of the optimum grid 
spacing for a specific study. If the requirements of the study regarding the type of 
area to be monitored were known e.g. the levels of urbanisation of the target area;
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then the best distribution of monitoring points for producing an interpolated map of 
the study area could be determined.
The aim of this study was to provide a strategy for deployment to improve the 
reliability of spatial data interpretation from monitoring data. For the background 
areas across the UK this would seen entirely feasible given the results of this 
study. Current monitoring schemes across the UK generally utilise anywhere from 
4 to 30 diffusion tubes for the observation of NO2 pollution. From the results 
presented is this chapter it can be seen that for all except the most ruralised areas 
this level of sampling is insufficient for reliable mapping: as the values for this 
amount of tube deployment (the 4Km grid contains 30 tubes) fall below 0.8, and in 
some cases as low as 0.5.
In more urbanised areas it would be necessary to deploy far more monitoring 
points to achieve the desired levels of data strength. The 1 Km (where R^  is always 
> 0.9 for all scenarios and schemes) grid used for this study contained nearly 400 
points which would be prohibitive across a large borough. Within the confines of 
an urban centre however it would not prove totally unreasonable, but only over a 
small area (see section 6.11).
The 2Km spacing grid monitoring scheme uses only 108 across a borough sized 
area, thus would be less prohibitive for a field study. In this case the R^  values are 
all > 0.8 for every scenario and scheme. Deployment at this scale would enable 
production of pollution maps from monitoring data in which there would be some 
degree of confidence and from which useful information could be gathered. This 
scale of monitoring scheme would be reliable for most scenarios, and thus one 
scheme could conceivably be deployed nationwide, producing maps with 
comparable uncertainties that could readily be studied to compare different areas.
The influence of the degraded performance of the interpolation scheme towards 
the edge of the mapped area is a major factor in the performance of the sampling 
grids; especially the lower resolution grids. This ‘edge effect’ will always be 
present when using interpolation schemes to map data across a limited area. 
Modelling studies generally generate data from an area that is larger than the main
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study area to ensure that the data under discussion isn’t affected by this type of 
problem. Options to reduce this issue’s impact in this type of mapping exercise 
are discussed in Chapter 7.
6.11 Tower Hamlets comparison
This section presents a comparison of a grid deployed in a field study in the 
London Borough of Tower Hamlets against a section of the Sampling pattern 
extracted from the overall Surrey dataset. This section is taken as representative 
of an uneven distribution similar to the current monitoring, though one not targeted 
to particular features of the area. The Tower Hamlets’ data is taken as a 
representative dataset for a realistic gridded distribution when deployed within the 
limitations of a fieldwork setting.
The London borough of Tower Hamlets, to the east of the main centre of London, 
has been experimenting with the gridded deployment of its diffusion tubes. It 
currently has 86 diffusion tubes deployed on a regular grid of O.SKm. These tubes 
were deployed as close to the desired grid points as possible, but various real 
world deployment considerations resulted in the actual pattern being distorted from 
the ideal pattern. This distortion of the grid can be seen clearly in Figures 6.33 and 
6.36. From the results obtained from the Complex Scenario for this scale grid it is 
possible to obtain correlations to complex patterns with values greater than 
0.95.
The Surrey subset was selected from an area with a relatively high density of 
monitoring points; and from within an area with a high proportion of urbanisation 
for comparability.
Figure 6.33 illustrates the relative locations of the two sampling subsets as they 
are currently deployed. The two schemes have approximately the same spatial 
extents, and are both principally urban areas.
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Figure 6.33 Relative location of sampling groups used for comparison
To enable a comparison of the two schemes it was necessary to test their relative 
strengths to facilitate interpolated mapping. This was carried out using the two 
distributions as sampling schemes, and overlaying them both upon the same 
scenario. This is demonstrated in Figure 6.34, where the Tower Hamlets 
distribution is shown as blue points, and the Surrey distribution as red; both shown 
superimposed on the test scenario.
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Figure 6.34 Comparative deployment of the two sampling schemes
The test scenario utilised in this comparison was derived to represent scale 
elements similar to those typically found in an urban area. This required distinct
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areas of high and low values, separated by areas of rapid change. The two 
schemes were then sampled from using the tools developed in chapter 5, and the 
results used to produce new, interpolated reproductions.
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Figure 6.35 Pattern reproduced from the Surrey grid
Figure 6.35 shows the results from the Surrey sampling scheme, which was by far 
the sparser of the two. It is immediately apparent that the representation of the 
original pollution field based on this sampling scheme is limited in its application. 
Minimal detail of the original pollution field is reproduced which results in a very 
general picture. The values across the whole of the area sampled are heavily 
influenced by a few especially high or low values. The “real” high and low areas of 
pollution are almost entirely missed by this scheme. Whilst this is a slightly 
artificial application of the sampling strategy, it does point out some weaknesses. 
One of the main advantages of using diffusion tube sampling is that the relatively 
low cost means that more tubes can be deployed to provide greater spatial 
coverage. If the method of deployment then prohibits any useful spatial patterns 
from being discerned, then effectively, this advantage is not being realised.
Figure 6.36 shows the same results for the Tower Hamlets grid style sampling 
scheme. This scheme enables features in the original data to be far more 
effectively distinguished. Whilst the abundance of points compared with the
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Surrey scheme would have suggested this, the strength of the grid in resolving not 
just the location of detail, but also its extent, was particularly good.
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Figure 6.36 Pattern reproduced from the Tower Hamlets grid
The detail towards the centre of the images, where the Tower Hamlets grid is at its 
most consistent shows an almost identical pattern to the original imposed pollution 
field. The strength of the gridded sampling pattern is also evident towards the 
edges of its domain, compared with the sparser sampling pattern, which shows 
considerable variations in results across the whole domain. This greater ability of 
the grid scheme to determine patterns across an area allows far greater 
confidence to be attributed to any conclusions drawn from the data from the grid 
samples. This is especially useful in urban areas where variations in pollutant 
levels occur more often over shorter spatial scales.
6.11.1 Comparisons
The significant advantages demonstrated by the Tower Hamlets based grid 
technique, over the more typical random style pattern are clear. This strength to 
resolve patterns and locations of pollution “hot spots” could be invaluable. As 
many of the diffusion tubes deployed nationwide have now completed their original 
task to provide data for local air quality reviews, the extension of this regular 
gridded style monitoring to a larger area could provide some interesting insight into 
large-scale air pollution problems. Whilst it may not be practicable to deploy
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diffusion tubes at the high density utilised in Tower Hamlets in all areas, it is clear 
that in major urban areas, this kind of deployment could yield more accurate 
pollution fields. This would ultimately provide more representative predictions of 
the exposure of the populous to these pollutants.
This also demonstrates the real-world applicability of these grid distributions as it 
demonstrates that the grid does not have to be mathematically perfect to yield the 
desired results. Other areas would also have to deploy grids that deviated from 
exact coordinates due to practical concerns. The ability of the Tower Hamlets 
points to reproduce map elements using a skewed grid suggests that this is not 
deleterious to the results gathered from such a monitoring scheme when 
compared to an exact grid. For real world deployment of gridded monitoring a set 
of criteria for deployment, and maximum deviation criteria would have to be 
developed. Further studies would be necessary to ascertain exactly how much the 
deviations from the exact grid affect the maps produced; and how such deviations 
may alter the uncertainties associated with resulting maps.
6.12 Summary
The assessments contained in this chapter have enabled an overview of the 
relationship between an ideal sampling pattern, perhaps only feasible within this 
computational environment, and an acceptable sampling pattern to be agreed. To 
attain a statistically sound level of coverage for interpolated map creation a 
sampling point every 1 kilometre would be required if all scenarios were to be 
considered. The level of coverage currently associated with a borough of the size 
of the study area approximates to the 4 kilometre grid spacing, which returns 
statistically strong mapping only for the least complex patterns assessed. The 
results from these assessments, along with the knowledge from the Tower 
Hamlets study that the grids perform well when not mathematically perfect, will 
enable a series of recommendations to be made. These recommendations, along 
with some practical considerations for a field redeployment of the monitoring sites 
are presented in Chapter 7.
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Conclusions
This chapter presents the conclusions from this research project. An overview of 
the results from the study is presented, along with a discussion regarding the 
practical applications of this work. Suggestions for criteria to be used for a future 
redeployment of diffusion monitoring across the UK are detailed, along with the 
benefits to the user community. Finally, recommendations for further work 
following this project are presented.
7.1 Measured data
The potentially deleterious effects upon human health posed by anthropogenic air 
pollution have long been recognised. The mid nineteenth century Public Health 
Act in the UK was designed to tackle the pollution from steam engines newly 
prevalent with the rise of heavy industry. In the 1950s in London there were 
several instances of the formation of a deadly ‘smog’, a combination of smoke and 
fog that was responsible for greatly increased mortality from respiratory and 
cardiovascular conditions (Whittaker et al., 2004). Again legislation followed to 
ameliorate the damaging effects of this type of air pollution on the public’s health.
The successes of these political acts, coupled with changes in the locations of 
heavy industries away from urban centres, have produced changes in the nature of
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urban air pollution. The major contemporary source of air pollution in urban areas 
in the UK is road traffic (Colvile et al., 2001). The nature of the pollution from the 
transport sector is very different from that generated from coal burning industrial 
processes. Perhaps the most evident change to the pollutants found in modern 
urban air is their visibility. Unlike coal smoke, combustion products from motor 
vehicles are virtually invisible, except for a few occasions. Particulate matter can 
be obvious as the most visually impacting of today's pollutants; and in large 
concentrations nitrogen dioxide (NO2) can give the air a yellowish hue producing 
some unusually vivid sunsets. The majority of the gaseous pollutants present in 
urban air (CO2, CO, NO, O3 and NO2 in lower concentrations) are invisible to the 
naked eye.
As these pollutants are less visibly recognisable, it is necessary to measure them, 
and present them in some way to provide people with information about the air 
they breathe every day. Monitoring networks have been set up to investigate the 
levels of various pollutants now found in the air we breathe; with a significant 
network set up to investigate NO2 levels throughout the UK. Data is collected 
within this network through use of diffusion based technologies; providing monthly 
mean values of the NO2 levels in an area. The widespread distribution of these 
diffusion monitoring sites provides data with a spatial component. This type of 
data is potentially ideal for the production of maps of pollution across an area. 
Pollution maps are an ideal way of presenting the large amounts of data to the 
public, and to scientific forums.
The data collected from this diffusion monitoring network within the county of 
Surrey was collated, and analysed initially for temporal patterns within the long 
time series of data available (1993 -2002). The major limitation when utilising 
diffusion tube data is the uncertainty associated with individual measurements. 
This has been calculated as ±24-38% for individual measurements for a one 
month exposure (Bush et al., 2001). However, this value can be reduced as low 
as ±10-18% for annual averages (Bush et al., 2001); greatly improving the 
confidence in any results interpreted from longer term data sets.
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The annual mean values for the 148 sites located in the Surrey area presented a 
general pattern of high levels (often above the 21 ppb annual mean target, see 
Figure 3.1) for the Roadside sites; following on to generally lower levels at the 
Intermediate and Background sites located farther from the road sources. The 
ability of the long term averages of the diffusion tube monitored data to yield 
distinct results was illustrated most clearly when an assessment of the long term 
monthly mean pollution levels for each category of site was made.
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Figure 7.1 Seasonal trends from diffusion tube monitoring in Surrey
The analysis of the monthly category means are presented in Figure 7.1, which 
clearly shows seasonal variations. The elevated values in the winter are probably 
due to a reduced sink for the NO2; as its main loss mechanism is through 
photolytic breakdown the reduction in incident solar radiation in the winter would 
enable a build up of NO2 over time. This demonstrates the usefulness of this large 
area, long-term, data set. Flowever, little use is made of the spatial component.
The possibility of producing maps of air pollution from this monitoring data is one of 
the greatest potential assets of the diffusion monitoring network. Various studies 
have previously utilised monitoring data as the basis for the mapping of air
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pollution (Atkins and Lee, 1995, Briggs et al., 2000). However, due to the 
sparseness of data coverage, both of these studies utilised other means such as 
computer based modelling to generate the values used for the map surfaces 
generated. The computing time, and the extra data involved in using modelling to 
back up field data requires much time and resources. Given the wide area 
distribution of diffusion monitoring, there is the potential to produce a map of an 
average pollution map across a borough or county area (Chapter 3).
Distribution of Roadside NO2 Across Surrey
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Figure 7.2 Pollution map generated from Roadside measurements
Figure 7.2 shows a map generated from the Roadside monitoring data collected in 
the Surrey NO2 survey using just an IDW interpolation routine to generate the 
missing data. The blue marks on the map represent the locations of the 
monitoring sites used for the interpolation. An approximate pattern is visible from 
these data, but there is concern that the pattern may be biased towards the areas 
with the most original points, especially as these areas are in the more urbanised 
parts of the county.
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An attempt was made to examine the possible improvements that could be made 
by relocating all of the current monitoring to Roadside locations near where they 
are currently deployed (Chapter 4). Figure 7.3 shows a representation of the 
Roadside pollution levels across Surrey if all of the monitoring sites were located at 
the Roadside. The data for this map was generated by using a series of 
mathematical weightings to adjust the pollution values measured at the 
Intermediate and Background sites to a Roadside Level.
Projected Roadside NO2 Across Surrey
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Figure 7.3 Pollution map generated from projected Roadside sites
The map surface generated using this projected data (Figure 7.3) has more fine 
detail, produced by the increased number of original monitoring points. However, 
there is still bias introduced into the variation in the level of detail represented 
caused by the uneven distribution of monitoring sites in the original survey.
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7.2 improved monitoring schemes
The monitoring sites from which the data used in the initial part of this study were 
collected were put in place largely to enable the air quality review and assessment 
process. All local authorities were required to take part in this process, and the 
data collection distribution was chosen for this purpose. The diffusion tube sites in 
most cases have now outlived their initial purpose. They still collect data with an 
intrinsic value because of the long time series already collected, however they 
could be put to new uses. The possibility of redeploying the current monitoring 
sites in such a way that pollution maps could be generated utilising only 
interpolation schemes was now considered.
To experiment with potential deployment strategies in the field would be prohibitive 
due mainly to the time factors involved in collecting a suitable time series of data 
for analysis. To this end a testing regime was developed within a computational 
environment. The main software utilised for this experiment was ESRI’s ArcGIS 
software. This enabled the spatial data to be handled efficiently, and was also the 
software used to create the maps of the original measured data (Figures 7.2 an 
7.3). The development of this software environment allowed virtual control over 
many variables that would have been impossible in a field study. The diffusion 
tubes currently deployed return individual measurements with high levels of 
uncertainty attached. This uncertainty, and the requirement for long time series to 
increase the confidence in results, is the main challenge encountered in the 
current study. However, there is work underway to produce diffusive monitoring 
equipment with greatly improved performance with current laboratory results 
attaining a level of uncertainty of just ±5% (Gerboles et al., 2005).
Within the computational environment the measurements were constrained to 
exact measurements. This effectively enabled the study of the optimum sampling 
distribution to be undertaken without concerns of the measurement uncertainty. 
The extra degrees of freedom that would be introduced by including uncertainty in 
the predictions would have taken the study beyond the scope of this work. By 
eliminating the measurement uncertainty from the equation, a solution to the 
improved distribution problem could be attained.
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Initially two distinct monitoring strategies were tested against a series of basic test 
scenarios (Chapter 5) to assess their comparative performance at replicating 
patterns within an interpolation scheme. A series of regular grids with varying grid 
spacing (and thus varying numbers of sampling points) were compared to a 
system of selective grids. These selective grids utilised different densities of 
monitoring points to sample different areas, with more points used in urban areas, 
or near major roads. The concept behind this was to produce maps with the 
greatest levels of details whilst deploying the fewest monitoring points.
for test scenarios
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Figure 7.4 Performance of initial strategies against test scenarios.
Figure 7.4 shows the results produced when the two types of sampling strategy 
were tested against the initial test scenarios described in Chapter 5. All of the 
strategies returned diminishing performance as the complexity of the features in 
the test scenarios increased. However, the selective grids performed surprisingly 
weakly against the regular grids. This disparity was due to the way the 
interpolation schemes handle the reconstruction of the data between the measured 
points. The selective grids had large variations in the distances between adjacent 
monitoring points depending on the section of the grid. This produced large 
variations in the points used for the reconstruction of points, and essentially
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reintroduced a degree of uncertainty into the mapping that had been eliminated by 
constraining the measurement uncertainty. Any methods used to modify the 
interpolation schemes to improve this situation would require prior knowledge of 
the likely pollution distribution, and would also increase the workload to produce 
the maps greatly. The work following that concentrated on optimising the scale of 
the sampling distribution for a field study utilised the regular grids because of their 
superior performance in providing suitable data for the interpolated mapping.
A series of test scenarios designed to represent situations likely to be encountered 
in a field campaign were generated (Chapter 6 ). A series of regular grids of 
varying scales were then tested against these to generate a series of comparative 
statistics regarding their ability to reproduce the map surfaces.
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Figure 7.5 Regular grid performance compared to the main test scenarios
Figure 7.5 shows the correlation factors produced from this series of experiments. 
Again the sampling schemes exhibit a decrease in performance as the complexity 
of the pattern they are required to replicate increases. However, when tested 
against the Background scenario, representative of a wholly rural area, even the 
4Km grid produced statistically strong (R  ^ > 0.8) results. This level of sampling.
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utilising 30 points within a borough area, is similar to the number of tubes deployed 
in the most densely monitored boroughs currently.
There was a marked decrease in the ability of the interpolation schemes to 
replicate the data between the measured points around the edges of the sampled 
area. This was due to the more limited information available to the interpolation 
scheme caused by the edge of the sampling field. This effect was especially 
evident in the sparser grids where the data spacings were already large.
7.3 Operational considerations
The results from the main study, presented in Figure 7.5 suggest that a gridded 
redeployment, using improved diffusion tubes, could indeed yield data that could 
be used for direct interpolated mapping purposes. The best performing grids were 
the finer resolution types, but over a large area the numbers of monitoring points 
required would be prohibitively expensive. Over a smaller area however this high 
density of monitoring points can be used effectively. In the London Borough of 
Tower Hamlets a series of diffusion tubes have been deployed on a nearly regular 
0.5Km spaced grid. The locations of the tubes in this survey deviate from the 
precise grid due to operational requirements, but the data still returns excellent 
comparisons (Chapter 6  section 6.11).
Most local authorities would not be willing to deploy that kind of resources, 
especially as most boroughs outside of London have considerably more area to 
cover. To enable an assessment of how well a gridded sampling pattern could 
perform, given a chosen number of sampling points within an area a series of 
algorithms were derived from the test results. Figure 7.6 shows a series of 
quadratic polynomial curves fitted to the mean data points for each of the three 
main test scenarios (Complex, Mixed and Background). From these, the 
algorithms listed below along with the correlations factors for the curve fitting for 
each case, were attained.
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Polynomial curve fit for scenario means
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Figure 7.6 Curves for calculation of any grid performance. 
Derived equations:
Complex area
y = -0.0199x  ^- 0.0504X + 1.0041 (R  ^= 0.9995)
Mixed Area
y = -0.0115x^  - 0.0142X + 0.9864 (R  ^= 0.9967)
Background area
y = 0.0009x^ - 0.027X + 1.0029 (R2 = 0.9943)
Where y = R^  for the map correlation and x is the grid spacing in Km
For the background area the x^  element of the polynomial equation is very small 
giving an approximately straight line with y = -0.3x + 1 as its equation.
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The algorithms listed above can be used to provide an estimate of how well any 
given grid would perform given the likely nature of the pollution in the area to be 
sampled.
Most areas would find it difficult to optimise for the whole area, given that most 
boroughs in the Surrey study tend to have large areas that would fit the 
Background scheme, but with town centres embedded in. The use of the mixed 
scheme would still require too many monitoring points, so perhaps another solution 
is required. Whilst it was shown in Chapter 5 that selective style g ridding was 
ineffective for direct mapping, and analogue to that type of monitoring may prove 
useful. Potentially a series of overlapping or nested grids could be deployed. A 
wide area grid could be used to sample the background across the whole area 
providing an overview of the pollution pattern. A higher density grid could then be 
deployed across the urban areas to increase the resolution without too greater 
increase in the number of monitoring sites required. The data from these nested 
grids should not used together in one map as then the uncertainty in the mapped 
surface and the degrees of freedom increase; but should instead be used to 
compliment each other.
7.4 The study in context
The work contained in this thesis represents an aspect of the development of a 
new distribution pattern for diffusive monitoring sites with the aim of producing 
interpolated maps. As discussed in Chapter 6  there are more factors that would 
require attention before a recommendation for redeployment could be made. The 
uncertainties associated with small variations in the grid distributions would need 
to be quantified. This would change for the different scales of grids that could be 
deployed across the different types of study areas. As the focus of the results from 
this study revolve around the reliability of interpolations between data points, the 
deviation from an exact grid could potentially have a significant effect on the final 
map output. The measurements from sites not located on accurate grid points 
could introduce uncertainty in the measurement itself (due to local variations in 
pollutant concentrations and site exposure), and in the interpolation of data around 
that point. Detailed assessment of the different effects, and their magnitude in
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relation to different grid sampling scales would need to be undertaken. A similar 
assessment could be performed for different pollutants to enable this interpolated 
mapping technique to be extended a wider study base.
Once the uncertainties were quantified for the different aspects of a real-world 
distribution of sites, then data collection could begin. The maps produced from this 
method have potential for usage in various situations. They form an extra tool in 
the arsenal of GIS based comparisons that may be made. GIS analyses allow the 
comparison of data from a wide variety of sources. Any data with a spatial content 
may be compared to any other. Potentially these interpolated maps for various 
pollutants may be used alongside dispersion model outputs; meteorological data; 
topographical data; traffic data from both modelling and measured sources; 
demographic data of many types such as census data. The GIS based 
comparisons are not limited to only quantitative data, but may be used to consider 
qualitative and social data. Quantitative air quality data mapped using 
interpolation techniques have been compared to data collected on the perception 
of air quality in Surrey (Kelay, 2004). This work suggested that there were 
significant differences between expert and lay perceptions of pollution, and that 
better methods for disseminating and explaining scientific findings are required. 
One of the difficulties encountered in presenting this scientific data was the 
explanation of uncertainties associated with different methods, and the limitations 
of comparisons that could thus be drawn. The utilisation of pollution maps 
interpolated directly from measured data may prove easier to explain, and could 
thus prove a useful tool in the presentation of pollution issues for a wide variety of 
situations.
This GIS based tool could also be used in conjunction with other comparative tools 
such as interaction matrices. These utilise matrix based calculations combining 
weighed factors from many different sources to generate mappable data. This 
technique was applied to air pollution in Surrey by Mavroulidou et al. (2001). This 
technique enables influences from any potential source to be calculated, and then 
mapped in a GIS environment. The combination of these results could be used for 
further comparison with the quantitative and qualitative data presented above to
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provide a very powerful tool in the monitoring and assessment of pollution 
problems.
7.5 Recommendations and future work
If the data produced from this study were to be used to generate a series of 
preferred monitoring schemes, rather than allowing each authority to select its own 
preferred grid scale, then the maps could be improved further still. In Chapter 6  
the problem of degrading performance of the interpolation schemes at the edges of 
the monitored area is discussed. Were the monitoring to be constrained strictly 
across the whole country, these effects could be all but eliminated except for a few 
cases. If a 4Km regular grid were imposed across the whole country it would 
provide sufficient information to map an overall large scale pollution map across a 
wide area.
If the grids were constrained further still by determining a set of Ordnance Survey 
grid points to which each area must conform their monitoring, then a uniform grid 
across very wide areas could be set up. If each borough were then to use data 
from its neighbours’ compatible grids then the mapped surface could be extended 
far enough out to eliminate the ‘edge effects' from the mapped pollution across 
their whole area. This scheme would have limitations where no neighbours were 
present e.g. in coastal locations, but could be used effectively in most areas.
The work contained in this study could be extended to produce those exact 
requirements. To enable the production of maps with in which enough confidence 
could be held to make recommendations from, an improved type of diffusion 
monitoring must be used to help constrain the levels of uncertainty associated with 
the maps. Given this, a further study could be undertaken to assess the map 
performance with the extra degree of freedom due to the uncertainty in the 
individual measurements included. This would represent a large amount of work, 
and more complex statistical comparisons, but would produce results that could be 
used to inform best practice for years to come.
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Monthly pollution maps
This appendix contains large format reproductions of the monthly average pollution 
maps presented in Chapter 4. The maps are presented in the same order as 
found in the text, beginning with November representing the beginning of the 
winter months with higher average pollution levels.
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Initial scenarios sampled to assess overall suitability of 
sampling strategies;
(Figures 1 - 6  have a 4Km spacing regular grid overlaid upon them for 
ease of reference)
C1. Flat Data Field -  first test scenario, this tests the method’s ability to 
recreate the most elementary pattern.
C2. Split data Field -  the second most basic scenario on test, gives a
measure of how well each scheme represents a simple change.
C3. Graduated Data Field -  the next evolution, testing the ability to
recognise more changes.
C4. Road Data Field -  a single isolated feature, testing the strength of
each scheme to identify an individual feature.
C5. Twin Road Data Field -  two intersecting features, testing the ability
to identify interactions between separate features.
C6. Town & Road Data Field -  a wide area feature overlain with two
distinct features, assessing ability to interpret different shaped 
features.
C7. Town & Road Data Field With Selective Grid Overlay -  the same
pattern as used in figure 6, but with a selective grid, designed for 
use with this pattern only, overlaid upon the pattern.
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Graduated Data Field
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Town and Road Data Field reproductions:
D1. Selective grid reproduction
D2. 4 Kiiometre regular grid reproduction
D3. 1 Kilometre regular grid reproduction
D4. 0.5 Kilometre regular grid reproduction
D5. 0.2 Kilometre regular grid reproduction
D6. 0.1 Kiiometre regular grid reproduction
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1 , 1  1 , 1 , L . 1 - L 1_J
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Appendix D -  Data field reproductions
2Km Grid Output for
Town and Road Scenario
N O 2 p p b
20-22
2 2 - 2 4
2 4 - 2 6
2 6 - 2 8
0 1.5 3 6 Kilometres
L „ j .  I I 1 .1
1 Km Grid Output for 
Town and Road Scenario
N O 2 p p b
20-22
2 2 - 2 4
2 4 - 2 6
2 6 - 2 8
0 1.5 3 6 Kilometres
 1 I L J  I I I I ,1
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Appendix D -  Data field reproductions
O.SKm Grid Output for
Town and Road Scenario
N O 2 p p b
20-22
2 2 - 2 4
2 4 - 2 6
2 6 - 2 8
0 1.5 3 6 Kilometres
1 I I I I I L_J  I
0.2Km Grid Output for 
Town and Road Scenario
N O 2 p p b
20-22
2 2 - 2 4
2 4 - 2 6
2 6 - 2 8
0 1.5 3 6 Kilometres
 1 I L_J L_l L_J  I
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Appendix D -  Data field reproductions
0.1 Km Grid Output for
Town and Road Scenario
N O 2 p p b
20-22
2 2 - 2 4
2 4 - 2 6
2 6 - 2 8
0 1.5 3
1 I I I !
6 Kilometres
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Appendix E -  Complex Area Primary Pattern 1
Appendix E -  Chapter 6
Initial scenario for Complex Area Primary Pattern 1, with 
reproductions based on varying grid spacing sampling 
schemes:
E1. Complex Area Primary Pattern 1 -  initial scenario from which the
sampling schemes retrieve data and attempt to reproduce.
E2. Complex Area Primary Pattern 1 4Km Grid Reproduction -  the
reproduced pattern when the scenario was sampled at 4Km 
intervals.
E3. Complex Area Primary Pattern 1 2Km Grid Reproduction -  the
reproduced pattern when the scenario was sampled at 2Km 
intervals.
E4. Complex Area Primary Pattern 1 1Km Grid Reproduction -  the
reproduced pattern when the scenario was sampled at 1Km 
intervals.
E5. Complex Area Primary Pattern 1 O.SKm Grid Reproduction -
the reproduced pattern when the scenario was sampled at O.SKm 
intervals.
E6. Complex Area Primary Pattern 1 0.2Km Grid Reproduction -
the reproduced pattern when the scenario was sampled at 0.2Km 
intervals.
E7. Complex Area Primary Pattern 1 0.1 Km Grid Reproduction -
the reproduced pattern when the scenario was sampled at 0.1 Km 
intervals.
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Appendix E -  Complex Area Primary Pattern 1
N02 ppb
■110-12  
E S  12- 14
□  14 -16
□  16 -18  
□  18 -20  
□  20 - 22
□  2 2 -24
□  24 - 26
I 126-28
□  2 8 -3 0
□  3 0 -32  
I 132-34  
^ 3 4 - 3 6
□  36 - 38
□  38 -40  
I 140 - 42
□  4 2 -4 4
N02 ppb
H l O -  12 
a  12-14
□  14 -16
□  16 -18  
I 118-20  □  20-22
□  2 2 -24
□  24 - 26
I 126-28
□  28 - 30
□  30 - 32
□  3 2 -34
□  3 4 -36  
I I 36 - 38
□  38 -40  
I 140-42  
I 142-44
Complex Area Primary Pattern 1
0 1.5 3 6 Kilometres
Complex Area Primary Pattern 1 
4Km Grid Reproduction
0 1.5 3 6  K ilom etres
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Appendix E -  Complex Area Primary Pattern 1
N02 ppb
H10- 12 
a  12- 14
□  14 -16
□  16 -18  
I 118-20  □  20-22
□  22 - 24 
I 124 - 26 
I I 26 - 28
□  2 8 -3 0
□  30 - 32
□  32 - 34 
@ 3 4 - 3 6  
I 136 - 38
□  38 -40  
I 140 - 42 
I 142 - 44
Complex Area Primary Pattern 1 
2Km Grid Reproduction
1.5
I I I
6 Kilometres
N02 ppb
■ 1 1 0 - 12
□  12 -14
□  14 -16
□  16-18  
I 118 - 20 
□  20 - 22 
I I 22 - 24
□  24 - 26
I 126-28
□  28 - 30
□  30 - 32 
I I 32 - 34
□  34 -36
□  36 - 38
□  38 - 40 
I 140-42
□  4 2 -4 4
Complex Area Primary Pattern 1 
1 Km Grid Reproduction
0 1.5 3 6  K ilom etres
I  I  I  I
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Appendix E -  Complex Area Primary Pattern 1
N02 ppb
^ 1 2 - 1 4  
I 114-16  
I 116-18  
I 118-20  
□  20 - 22
□  22 - 24
□  24 - 26 
I I 26 - 28
□  2 8 -30
□  30 - 32 
I I 32 - 34 
PE3 34 -36
□  36 - 38
□  38 - 40 
I 140-42  
I 142-44
Complex Area Primary Pattern 1 
O.SKm Grid Reproduction
0 1.5 3 6 Kilometres
N02 ppb
□  14-16
□  16 -18  
I 118 - 20 
□  20 - 22
□  22 - 24
□  24 - 26 
I I 26 - 28
□  28 - 30
□  30 - 32 
I I 32 - 34 
E ^ 3 4 - 3 6  
I I 36 - 38 
I I 38 - 40 
I 140-42
□  42 - 44
Complex Area Primary Pattern 1 
0.2Km Grid Reproduction
0 1.5 3
1 I I I I
6 Kilometres
I I I
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Appendix E -  Complex Area Primary Pattern 1
N02 ppb
□  12-14
□  14 -16
□  16 -18  
I 118-20  □  20-22
□  2 2 -24
□  24 - 26 
I 126-28
□  28 - 30
□  30 - 32
□  32 - 34 
^ 3 4 - 3 6  
I 136 - 38 
I I 38 - 40 
I 140 - 42 
I 142-44
Complex Area Primary Pattern 1 
0.1 Km Grid Reproduction
0 1.5 3 6 Kilometres
I  I  I  I  I  I
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Appendix F -  Complex Area Primary Pattern 2
Appendix F -  Chapter 6
Initial scenario for Complex Area Primary Pattern 2, with 
reproductions based on varying grid spacing sampling 
schemes:
F1. Complex Area Primary Pattern 2 -  Initial scenario from which the
sampling schemes retrieve data and attempt to reproduce.
F2. Complex Area Primary Pattern 2 4Km Grid Reproduction -  the
reproduced pattern when the scenario was sampled at 4Km 
intervals.
F3. Complex Area Primary Pattern 2 2Km Grid Reproduction -  the
reproduced pattern when the scenario was sampled at 2Km 
intervals.
F4. Complex Area Primary Pattern 2 IKm Grid Reproduction -  the
reproduced pattern when the scenario was sampled at 1Km 
intervals.
F5. Complex Area Primary Pattern 2 O.SKm Grid Reproduction -
the reproduced pattern when the scenario was sampled at O.SKm 
intervals.
F6. Complex Area Primary Pattern 2 0.2Km Grid Reproduction -
the reproduced pattern when the scenario was sampled at 0.2Km 
intervals.
F7. Complex Area Primary Pattern 2 0.1 Km Grid Reproduction -
the reproduced pattern when the scenario was sampled at 0.1 Km 
intervals.
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Appendix F -  Complex Area Primary Pattern 2
N02 ppb
a  12-14
□  14-16  
I 116-18 
I I 18 - 20□  20-22
□  22-24
□  24-26  
I I 26 - 28
□  28-30
□  30-32  
I I 32 - 34 
@ ■ 3 4 -3 6
□  36-38
□  38-40  
I 140-42
□  42 - 44
Complex Area Primary Pattern 2
#
0 1.5 3
1  I  I I  I  I  I
6 Kilometres
N02 ppb
■ i 1 0 - 12 
@ ■ 1 2 -1 4
□  14-16
□  16-18  
I 118 - 20 
□  20 - 22 
I 122-24
□  24-26
I 126-28
□  28-30
□  30 -32  
I 132-34
□  34 -36
□  36-38
□  38-40  
I 140-42
□  42-44
Complex Area Primary Pattern 2 
4Km Grid Reproduction
0 1.5 3 6 Kilometres
1 . 1 . 1 , 1 . . 1 ,
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Appendix F -  Complex Area Primary Pattern 2
N02 ppb
^ 1 2 - 1 4  
C 3 1 4 - 1 6  
I 116-18 
□  18 - 20 □  20-22  
I 122-24
□  24 -26  
I 126-28
□  28 - 30
□  30-32  
I I 32 - 34 
^ 3 4 - 3 6
□  36-38
□  38-40  
I 140 - 42
□  42-44
Complex Area Primary Pattern 2 
2Km Grid Reproduction
0 1.5 3
1 I I I I  I I I
6 Kilometres
N02ppb
H 1 0 - 1 2
□  14-16
□  16-18  
I 118 - 20 
□  20-22
□  22-24  
I 124-26 
I 126-28
□  28-30
□  30-32
□  32-34
□  34-36
□  36-38
□  38 - 40
□  40-42  
I 142• 44
Complex Area Primary Pattern 2 
1 Km Grid Reproduction
1.5
1..1
6 Kilometres
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Appendix F -  Complex Area Primary Pattern 2
N02 ppb
^  12* 14
□  14-16
□  16-18  
I I 18 - 20 
□  20 - 22
□  22-24  
I 124-26 
I 126-28
□  28-30
□  30 - 32
□  32 - 34 
^ 3 4 - 3 6
□  36-38
□  38-40  
I 140-42
□  42-44
Complex Area Primary Pattern 2 
0.5Km Grid Reproduction
1.5
I I 1,
6 Kilometres
N02 ppb
H  10- 12
□  14-16
□  16-18 
□  18 - 20 
□  20-22
□  22-24
□  24-26  
I 126-28 
I 1 28 - 30
□  30-32
□  32 - 34
□  34-36
□  36-38
□  38 - 40
□  40 -42
□  42 - 44
Complex Area Primary Pattern 2 
0.2Km Grid Reproduction
0 1.5 3
1 I I  I I
6 Kilometres
I I I
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Appendix F -  Complex Area Primary Pattern 2
N02 ppb
□  12-14
□  14-16
□  16-18  
I 118 - 20 
□  20-22
□  22-24
□  24-26  
I I 26 - 28
□  28-30
□  30-32
□  32-34  
0 9 3 4 - 3 6
□  36-38
□  38-40  
I 140 - 42
□  42 -44
Complex Area Primary Pattern 2 
0.1 Km Grid Reproduction
0 1.5 3 6 Kilometres
1- 1. 1 j_j._
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Appendix G -  Mixed Area Primary Pattern 1
Appendix G -  Chapter 6
Initial scenario for Mixed Area Primary Pattern 1, with 
reproductions based on varying grid spacing sampling 
schemes:
G1. Mixed Area Primary Pattern 1 -  Initial scenario from which the 
sampling schemes retrieve data and attempt to reproduce.
G2. Mixed Area Primary Pattern 1 4Km Grid Reproduction -  the
reproduced pattern when the scenario was sampled at 4Km 
intervals.
G3. Mixed Area Primary Pattern 1 2Km Grid Reproduction -  the
reproduced pattern when the scenario was sampled at 2Km 
intervals.
G4. Mixed Area Primary Pattern 1 1Km Grid Reproduction -  the
reproduced pattern when the scenario was sampled at 1Km 
intervals.
G5. Mixed Area Primary Pattern 1 O.SKm Grid Reproduction -  the
reproduced pattern when the scenario was sampled at O.SKm 
intervals.
G6. Mixed Area Primary Pattern 1 0.2Km Grid Reproduction -  the
reproduced pattern when the scenario was sampled at 0.2Km 
intervals.
G7. Mixed Area Primary Pattern 1 0.1 Km Grid Reproduction -  the
reproduced pattern when the scenario was sampled at 0.1 Km 
intervals.
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Appendix G -  Mixed Area Primary Pattern 1
Mixed Area Primary Pattern 1
N02 ppb
H 1 0 -  12
□  12-14
□  14 -16
□  16 -18  
I 118 - 20 
□  20 - 22
□  2 2 -24
□  24 - 26 
I I 26 - 28
□  28 - 30
□  30 -32
□  32 -34
□  34 -36
□  36 - 38 
I I 38 - 40 
I 140-42  
I 142 - 44
0 1.5 3
1 I I I.. 1
6 Kilometres
N02 ppb
□  12
□  14
□  16 
□  18 
□  20 □  22
□  24
□  26 
□  28
□  30
□  32 
®  34
□  36
□  38
□  40
I 142 - 44
Mixed Area Primary Pattern 1 
4Km Grid Reproduction
0 1.5
. I I
6 Kilometres
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Appendix G -  Mixed Area Primary Pattern 1
N02 ppb
□  12-14
□  14 -16
□  16 -18  
□  18-20  □  20-22
□  22 - 24
□  24 - 26
I I 26 - 28
□  28 - 30 
I I 30 - 32
□  32 - 34
□  34-36 
1 I 36 - 38 
I I 38 - 40 
I 140-42  
I 142 - 44
N02 ppb
H i o -  12
□  12-14
□  14 -16
□  16- 18 
I 118-20  
□  20 - 22
□  22 - 24
□  24 - 26 
I 126-28
□  28 - 30
□  30 - 32
□  32 - 34 
a  3 4 -36  
I I 36 - 38
□  3 8 -40
□  4 0 -4 2
□  4 2 -4 4
Mixed Area Primary Pattern 1 
2Km Grid Reproduction
0 1.5 3
1 I I I .I
6 Kilometres
I I 1
Mixed Area Primary Pattern 1 
1 Km Grid Reproduction
0 1.5 3 6 Kilometres
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Appendix G -  Mixed Area Primary Pattern 1
N02 ppb
■110-12
□  12-14
□  14 -16
□  16 -18  
I 118-20  
□  20 - 22
□  2 2 -24
□  24 - 26
□  2 6 -28
□  28 - 30
□  30 - 32 
I 132 - 34
□  3 4 -36
□  36 -38
□  38 - 40 
I 140 - 42 
I 142 - 44
Mixed Area Primary Pattern 1 
O.SKm Grid Reproduction
0 1.5 3 6 Kilometres
N02 ppb
H  10- 12
□  1 2 - 14
□  14 -16
□  16 -18  
I 118 - 20 
□  20 - 22 
I I 22 - 24
□  24 - 26
I 126-28
□  28 - 30
□  30 - 32 
I 132 - 34 
®  34 -36
□  36 -38  
I 138-40  
I 140 - 42 
I 142 - 44
Mixed Area Primary Pattern 1 
0.2Km Grid Reproduction
0 1.5 3 6 Kilometres
□ J
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Appendix G -  Mixed Area Primary Pattern 1
N02 ppb
■110-12
□  12 -14  
I 114-16  
0 1 6 - 1 8  
I 118 - 20 
0 2 0 - 2 2
□  22 - 24
0  24 - 26
1 I 26 - 28 
O  28 - 30
0  30 - 32
1 132 - 34 
0 3 4 - 3 6  
I I 36 - 38
□  3 8 -40  
I 140 - 42 
I 14 2 -4 4
Mixed Area Primary Pattern 1 
0.1 Km Grid Reproduction
0 1.5 3 6 Kilometres
I I I I I I
Appendix -  Page 36
Appendix H -  Mixed Area Primary Pattern 2
Appendix H -  Chapter 6
Initial scenario for Mixed Area Primary Pattern 2, with 
reproductions based on varying grid spacing sampling 
schemes:
H1. Mixed Area Primary Pattern 2 -  Initial scenario from which the
sampling schemes retrieve data and attempt to reproduce.
H2. Mixed Area Primary Pattern 2 4Km Grid Reproduction -  the
reproduced pattern when the scenario was sampled at 4Km 
intervals.
H3. Mixed Area Primary Pattern 2 2Km Grid Reproduction -  the
reproduced pattern when the scenario was sampled at 2Km 
intervals.
H4. Mixed Area Primary Pattern 2 1Km Grid Reproduction -  the
reproduced pattern when the scenario was sampled at 1Km 
intervals.
H5. Mixed Area Primary Pattern 2 O.SKm Grid Reproduction -  the
reproduced pattern when the scenario was sampled at O.SKm 
intervals.
H6. Mixed Area Primary Pattern 2 0.2Km Grid Reproduction -  the
reproduced pattern when the scenario was sampled at 0.2Km 
intervals.
H7. Mixed Area Primary Pattern 2 0.1 Km Grid Reproduction -  the
reproduced pattern when the scenario was sampled at 0.1 Km 
intervals.
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Appendix H -  Mixed Area Primary Pattern 2
N02 ppb
0 1 2 - 1 4  
I 114-16 
I 116-18 
□  18 - 20 
□  20 - 22
□  22 - 24
□  24-26  
I I 26 - 28
□  28 - 30 
I I 30 - 32 
I I 32 - 34
□  34-36
□  36 - 38
□  38 - 40 
I 140 - 42 
I 142 - 44
Mixed Area Primary Pattern 2
0 1 5 3 6 Kilometres
1 I  i  I  I  I  I  I  I
N02 ppb
O 12- 14
□  14-16
□  16-18  
I 118 - 20 
□  20 - 22
□  22-24
□  24-26
I 126-28
□  28 - 30
□  30-32
□  32-34
□  34-36
□  36 - 38
□  38 - 40 
I 140 - 42 
I 142 - 44
Mixed Area Primary Pattern 2 
4Km Grid Reproduction
1.5 3
_ L ± . . .  !..
6 Kilometres
. 1  L .  1.
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Appendix H -  Mixed Area Primary Pattern 2
N02 ppb
■ 1 10-12  
®  12-14  
I I 14-16  
□  16-18  
I 118 - 20 
□  20-22
□  22 - 24
□  24 - 26 
I 126-28 
I I 28 - 30 
I 130-32 
I 132-34
□  34-36
□  36-38  
I 138-40 
I 140 - 42 
I 142 - 44
Mixed Area Primary Pattern 2
2Km Grid Reproduction
0 1.5 3
1  I  I  I  I
6 Kilometres
N02 ppb
0 1 0 - 1 2
□  12-14
□  14-16
□  16-18  
I 118 - 20 
□  20 - 22
□  22-24
□  24 - 26
I 126-28
□  28-30
□  30 - 32 
I I 32 - 34
□  34-36  
I I 36 - 38
□  38-40  
I 140 - 42
□  42 -44
Mixed Area Primary Pattern 2 
1 Km Grid Reproduction
0 1.5 3 6
 1. I. I
Kilometres
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Appendix H -  Mixed Area Primary Pattern 2
Mixed Area Primary Pattern 2
O.SKm Grid Reproduction
N02 ppb
1 0 -  12
12-14
□  14-16
□  16-18
I 118-20
□  20-22
□  22-24
□  24-26
I I 26 - 28
□  28-30
□  30-32
□  32-34
34-36
□  36-38
I I 38 - 40
I 140-42
□  42-44
0 1.5 3
[. I I I I
6 Kilometres
N02 ppb
■1 10-12
□  12-14
□  14-16
□  16-18  
□  18 - 20 
□  20 - 22
□  22-24
□  24 - 26
I 126-28
□  28-30
□  30-32  
I I 32 - 34
□  34-36  
I 136-38
□  38 - 40 
I 140 - 42
□  42 -44
Mixed Area Primary Pattern 2 
0.2Km Grid Reproduction
0 1.5 3 6  Kilometres
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Appendix H -  Mixed Area Primary Pattern 2
N02 ppb
®  12-14
□  14-16  
I 116-18
□  18 - 20 □  20-22
□  22-24
□  24-26
I 126-28
□  28 - 30
□  30-32
□  32-34
□  34-36
□  36 - 38 
I I 38 - 40 
I 140-42 
I 142-44
Mixed Area Primary Pattern 2
0.1 Km Grid Reproduction
0 1.5 3 6 Kilometres
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Appendix I -  Background Area Primary Pattern 1
Appendix I -  Chapter 6
initial scenario for Background Area Primary Pattern 1, 
with reproductions based on varying grid spacing 
sampling schemes:
11. Background Area Primary Pattern 1 -  Initial scenario from which 
the sampling schemes retrieve data and attempt to reproduce.
12. Background Area Primary Pattern 1 4Km Grid Reproduction -
the reproduced pattern when the scenario was sampled at 4Km 
intervals.
13. Background Area Primary Pattern 1 2Km Grid Reproduction -
the reproduced pattern when the scenario was sampled at 2Km 
intervals.
14. Background Area Primary Pattern 1 IKm Grid Reproduction -
the reproduced pattern when the scenario was sampled at 1Km 
intervals.
15. Background Area Primary Pattern 1 O.SKm Grid Reproduction -
the reproduced pattern when the scenario was sampled at O.SKm 
intervals.
16. Background Area Primary Pattern 1 0.2Km Grid Reproduction -
the reproduced pattern when the scenario was sampled at 0.2Km 
intervals.
17. Background Area Primary Pattern 1 0.1 Km Grid Reproduction -
the reproduced pattern when the scenario was sampled at 0.1 Km 
intervals.
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Appendix I -  Background Area Primary Pattern 1
N02 ppb
■  10-12 
Ü Î 1 2 - 1 4
□  14 -16
□  16 -18  
I 118 - 20 
I I 20 - 22
□  22 - 24
□  24 - 26
□  26 -28
□  28 -3 0  
I I 30 - 32
□  32 -3 4  
0 3 4 - 3 6  
I I 36 - 38
I I 38 - 40
□  4 0 -4 2  
I 142-44
Background Area Primary Pattern 1
0 1.5 3 6 Kilometres
N02 ppb
■  10-12  
0 1 2 - 1 4
□  14 -16  
I 116-18  
I 118 - 20
□  20 - 22
□  2 2 -24
□  24 - 26
□  26 -28
□  28 - 30
□  30 - 32 
I I 32 - 34 
0 3 4 - 3 6  
I I 36 - 38 
I I 38 - 40 
I 140-42
□  4 2 -4 4
Background Area Primary Pattern 1 
4Km Grid Reproduction
0 1.5 3 6 Kilometres
I I I
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N02 ppb
■110-12
0 1 2 - 1 4
□  14 -16
□  16-18  
I 118-20  
□  20 - 22
□  22 -24
□  24 - 26
□  26 - 28
□  28 - 30
□  30 -32
□  32 - 34
□  3 4 -36
□  36 - 38
□  38 -40  
I 140-42
□  4 2 -4 4
Appendix I -  Background Area Primary Pattern 1
Background Area Primary Pattern 1 
2Km Grid Reproduction
0 1.5 3 G Kilometres
N02 ppb
■  10-12
□  12-14
□  14 -16
□  16-18  
□  18 - 20 
□  20 - 22
□  22 - 24
□  24 - 26
□  26 - 28
□  2 8 -30
□  30 - 32
□  32 - 34
□  34 -36  
I I 36 - 38 
I I 38 - 40
□  4 0 -4 2
□  4 2 -4 4
Background Area Primary Pattern 1 
1 Km Grid Reproduction
0 1.5 3
1 I I I I  I I I
G Kilometres
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Appendix I -  Background Area Primary Pattern 1
N02 ppb
■110-12
□  12 -14
□  14 -16
□  16 -18  
□  18-20  
□  20-22
□  22 - 24
□  24 - 26
□  26 - 28
□  28 - 30
□  30 - 32 
I I 32 - 34
□  3 4 -36
□  36 - 38 
I I 38 - 40 
I 140 - 42 
I 142 - 44
Background Area Primary Pattern 1 
O.SKm Grid Reproduction
0 1.5 3
1 I I I I  .1
6 Kilometres
N02 ppb
■i 1 0 -  12
□  12 -14
□  14 -16
□  16 -18  
I 118 - 20 
□  20 - 22
□  22 -24
□  24 - 26
□  26 -28  
I 128-30  
I I 30 - 32
I I 32 - 34
□  34 -36  
I I 36 - 38
I I 38 - 40
I 140 - 42
I 142 - 44
Background Area Primary Pattern 1 
0.2Km Grid Reproduction
0 1.5 3
1 I I I .1.
6 Kilometres
± _ I_ L
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Appendix I -  Background Area Primary Pattern 1
N02ppb
■110-12  
12 - 14
□  14 -16
□  16-18  
I 118-20  
□  20 - 22
□  2 2 -24
□  24 - 26
□  26 -2 8
□  28 - 30
□  30 -3 2
□  32 - 34
□  34 -3 6
□  36 - 38
□  38 - 40 
I 140 - 42 
I 142 - 44
Background Area Primary Pattern 1 
0.1 Km Grid Reproduction
0 1.5 3 6 Kilometres
Appendix -  Page 46
Appendix J -  Background Area Primary Pattern 2
Appendix J -  Chapter 6
Initial scenario for Background Area Primary Pattern 2, 
with reproductions based on varying grid spacing 
sampling schemes:
J1. Background Area Primary Pattern 2 -  Initial scenario from which
the sampling schemes retrieve data and attempt to reproduce.
J2. Background Area Primary Pattern 2 4Km Grid Reproduction -
the reproduced pattern when the scenario was sampled at 4Km 
intervals.
J3. Background Area Primary Pattern 2 2Km Grid Reproduction -
the reproduced pattern when the scenario was sampled at 2Km 
intervals.
J4. Background Area Primary Pattern 2 1Km Grid Reproduction -
the reproduced pattern when the scenario was sampled at 1Km 
intervals.
J5. Background Area Primary Pattern 2 O.SKm Grid Reproduction -
the reproduced pattern when the scenario was sampled at O.SKm 
intervals.
J6. Background Area Primary Pattern 2 0.2Km Grid Reproduction -
the reproduced pattern when the scenario was sampled at 0.2Km 
intervals.
J7. Background Area Primary Pattern 2 0.1 Km Grid Reproduction -
the reproduced pattern when the scenario was sampled at 0.1 Km 
intervals.
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Appendix J -  Background Area Primary Pattern 2
N02 ppb
■  10- 12 
®  12- 14 
I 114- 16 
□  16 -18  
I 118-20  
I I 20 - 22 
I I 22 • 24
□  24 - 26 
I I 26 - 28
□  2 8 -30
□  30 -32
□  32 -34
□  34 -36  
I I 36 - 38 
I 138-40  
I 140 - 42 
I 142 - 44
Background Area Primary Pattern 2
0 1.5 3 6 Kilometres
1 I I I I  I I. 1  -1
N02 ppb
■110-12
□  12-14
□  14 -16
□  16-18  
I 118-20  
□  20 - 22
□  22 - 24
□  24 - 26
□  26 -28  
I I 28 - 30
□  30 - 32 
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Appendix K -  Chapter 6
Tables of values for the scenarios described in 
Appendices E-J
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Appendix K -  Tables of R values
Tables of values for main analyses: 
Table 1. Complex Area Primary Pattern 1
Grid Spacing (Km) R value for regression analysis
0.1 0.9952
0.2 0.9953
0.5 0.9675
1 0.9450
2 0.8206
4 0.5188
Table 2. Complex Area Primary Pattern 2
Grid Spacing (Km) R  ^value for regression analysis
0.1 0.9964
0.2 0.9934
0.5 0.9771
1 0.9386
2 0.8165
4 0.4508
Table 3. Mixed Area Primary Pattern 1
Grid Spacing (Km) R value for regression analysis
0.1 0.9836
0.2 0.9927
0.5 0.9814
1 0.9710
2 0.9191
4 0.7338
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Table 4. Mixed Area Primary Pattern 2
Grid Spacing (Km) value for regression analysis
0.1 0.9710
0.2 0.9889
0.5 0.9682
1 0.9581
2 0.8990
4 0.7579
Table 5. Background Area Primary Pattern 1
Grid Spacing (Km) value for regression analysis
0.1 0.9988
0.2 0.9973
0.5 0.9929
1 0.9871
2 0.9600
4 0.9507
Table 6. Background Area Primary Pattern 2
Grid Spacing (Km) R  ^value for regression analysis
0.1 0.9974
0.2 0.9969
0.5 0.9882
1 0.9749
2 0.9377
4 0.8674
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Appendix L -  Chapter 6
Charts showing the fail off of accuracy with increasing 
grid separation for scenarios presented in Appendices E- 
J
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